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Abstract 
Photonic crystal fibres (PCF) are a new generation of optical fibre that guide light via 
a periodic air-silica, photonic crystal structure instead of the more traditional step 
change in refractive index associated with traditional fibre. Careful design of the 
photonic structure causes the fibres to behave in interesting new ways and one of main 
aims of this thesis is to begin the investigation of the uses of PCF's in astronomy. 
Step index and large mode area (LMA) PCF's are introduced in Chapters 2 and 3, 
respectively. Chapter 4 then deals with the instrumental simplifications associated 
with the use of LMA PCF' s in fibre stellar interferometry showing that up to four step 
index fibres and associated optics can be replaced with a single LMA fibre. 
One of the key features of LMA fibres, for astronomy, is that, unlike the step index 
fibre, the mode field size is independent of wavelength and the fibre can therefore be 
fed with a pupil image via a field lens. Chapter 5 investigates this important new 
parameter space showing that contiguous sampling using single mode fibres is now 
possible for the first time. Further, unlike the direct feed to theLMA fibre, maximised 
coupling over very large wavebands is now possible using just a single fibre. 
Chapter 6 deals with another new fibre technology in astronomy: Multi-mode fibre 
(MMF) to single-mode array (SMA) transitions. These fibre systems break out the 
modes of the multi-mode fibre into an array of single-mode fibres upon which Bragg 
gratings can be etched. The SMA is then refused into an output MMF resulting in a 
multimode device but with single-mode line suppression. The number of modes 
transmitted is numerically equal to the number of fibres in the SMA and the 
performance of these devices is investigated on a model telescope showing that only a 
few tens of modes is required to efficiently transmit either the J or H bands. 
Finally, Chapter 7 details the experimental investigation of fibre modal noise in high 
dispersion spectroscopy. This is a photometric error on a resolution element due to 
fibre modes interfering with each other at very high spectral dispersion. Worryingly, 
the results show that no current theory exists that can predict the performance of a 
fibre based high R spectrometer. 
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Chapter 1 
Optical fibre technology 
and astronomy 
1.1 Introduction 
In this introductory chapter some of the more common uses of optical fibre technology 
in astronomy are explained. New fibre technologies and, at least as importantly, new 
instrument technologies that require specialist fibre feeds, such as single mode fibres 
are also covered and the relationships between them discussed. Pointers to each 
chapter within the thesis occur throughout, intended to place the contents of the thesis 
in context. A general overview is given is section 1.2, with the new breed of photonic 
crystal fibres, photonic instrumentation and more modern fibre technologies such as 
OH suppression devices, described in sections 1.3 - 1.5. Section 1.6 then gives an 
overview of the thesis on chapter by chapter basis. 
1.2 Optical fibres and astronomy 
Optical fibres are currently used in astronomy for a number of reasons but the three 
most prevalent are measurement multiplicity, convenient light transport at large 
facility class telescopes and image scrambling. 
Integral field spectroscopy, whilst possible using image slicing techniques has been 
achieved with great success using optical fibres. The technique is based on the 
pixelisation of the image field by a lenslet array. Each lenslet then feeds a fibre which 
is then re-formatted into a single input slit to a spectrometer. The 3 dimensional data 
cube, of two spatial and one spectral dimension, then gives this branch of astronomy 
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its name - 20 spectroscopy*. Figure 1.1 is a schematic representation of the process 
where the integral field unit is used to analyse a particular object in the Abell 2218 
galaxy cluster. 
lnMgrel Fidd 
Spectroscopy: 
cx•mplc targets 
8.4''x5.9"@ 0.2" 
Pan of HST lmaj~e 
of Abell 2218 
plaxy cluster 
& 
Enlarger Micro/ens array 
Figure 1.1 - The basic principles behind fibre fed integral field spectroscopy- Courtesy of CfAJ.. 
There are many integral field instruments now in use throughout the community with 
examples such the highly successful GMOS project[IJ and FLAMES[21, VIMOS[31. 
The convenient transport of light from telescope to instrument is not exclusive from 
measurement multiplicity. For instance the FMOS instrument, currently being 
constructed[4J, uses fibres for both multiple simultaneous pick off of celestial targets, 
• Or if a redshift is inferred from the data cube, 3D imaging. 
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(multi-object spectroscopy (MOS)) and the transport of the light from the telescope 
focus to the spectrographs located on a dedicated platform above the Subaru Nasmyth 
platform. 
Image scrambling is a reference to the ability of an optical fibre to scramble the image 
at its input to yield a more, but typically not completely, uniform output. Under certain 
circumstances the time resolved variation in the image over the slit width due to 
pointing instability, for instance, can cause unwanted uncertainties in the spectrum and 
the high scrambling of optical fibres can alleviate this problem - See Hunter and 
Ramsey[SJ for full treatment of this phenomenon. Image scrambling is also of use in 
very high dispersion spectroscopy- this is dealt with in more detail in Chapter 7. 
Optical fibres themselves are traditionally described by the ray optical model[61 , 
whereby the geometrical approximation is used as shown in Fig 1.2. The light is 
trapped by total internal reflection within the step change in refractive index and 
'bounces' down the length of the fibre. As the size of the core gets smaller, so fewer 
modes (range of angles) are supported. 
(a) (b) 
Figure 1.2- (a) The multi-mode regime, (b) the single-mode regime 
At some lower limit the size of the core will only allow the central, axial, ray to 
propagate but, as is obvious from panel (b), the ray model here is inappropriate 
(somehow the ray magically finds its way down the fibre axis without touching the 
sides?) and a full electro-magnetic (EM) field description of the modes is required. 
The basic theory of step index optical fibre is introduced in Chapter 2, the results of 
which will be used throughout the rest of the thesis. 
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1.3 Photonic crystalfibres 
As noted in the previous section, step index fibres rely on the step change in refractive 
index at the core/cladding interface to trap and guide light. However, each separate 
region, core and cladding is homogeneous. Conversely, photonic crystal fibres (PCF) 
181 rely on inhomogeneous regions of refractive index in order to provide the guidance 
mechanism.- Fig 1.3 - The general principles of these fibres are discussed in more 
detail in Chapter 3, however, the fundamental mechanism that traps light is the 
coherent scattering of electromagnetic energy between the regularly spaced air holes in 
a silica (or other base material) substrate. 
Light is rejected from the cladding region, by two different mechanisms known as 
modified total internal reflection (MTIRf1 and the photonic band gap (PBG) 171 and 
trapped and guided in the core. As one might expect the chromatic response of the 
cladding structure is somewhat different to a homogeneous block of material and 
thence PCF's are found to behave in new ways that are, as this thesis shows, possibly 
very useful in astronomy. 
The first MTIR fibre was demonstrated by Knight, Birks, St. J. Russell and Atkins in 
1996181 and was originally intended to be a photonic band gap fibre. It was quickly 
realised that the guidance mechanism was MTIR however since the core was found to 
have a refractive index higher than the cladding and thence an index guided mode 
appeared. Out of further work on index guiding fibre geometries and manufacturing 
techniques came the development of the large mode area PCF191 • These are also 
characterised by a mode field that does not change in size as the wavelength of the 
incoming light changes but with a core size typically 3-10 times larger than the step 
index alternative. They are also endlessly single-moded and have useable pass bands 
that are again typically at least twice that of the step index alternative. LMA fibres are 
now commercially available in single-mode form and the pass band alone makes them 
attractive for astronomy. The other properties are also shown to be important as part of 
the original contribution of this thesis. 
In 1998 the first theoretical photonic fibre structure found to demonstrate a photonic 
bandgap was published by Birks et al 1101• Experimental verification of a fibre based 
photonic band gap, was then demonstrated, by Knight, Birks and St. J Russell1111 • 
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(a) (b) 
Figure 1.3- (a) theLMA, MT!Rfibre, (b) an air cored PBG guiding fibre 
So far in astronomy, single-mode fibres have been used for interferometry and laser 
beam transport and a few authors have tackled the use of LMA PCF's in this field . 
Corbett et al [121 , Corbett & ABington-Smith [131, S Vergnole et al [141 , Peyrilloux et al 
[ 151 . The application of LMA PCF's to current interferometers is described in Chapter 
4. 
In the laser beam transport application high power light is transported to the telescope 
secondary where it is projected onto the sky as laser guide star[ 161 • The advantages over 
fixed optics are obvious and a PBG fibre was used since the air core is able to carry 
significantly more power than a silica core without the onset of non-linear effects and 
in the limit heat damage to the photonic structure. 
The use of single-mode fibres in spectroscopy is less we11 defined and although tried 
before with traditional few mode step index fibres Ge et al [171 , no work has been 
done with PCF's. One of the main potential applications in astronomical spectroscopy 
is to remove the noise from recorded spectra associated with the interference of 
multiple fibre modes on a very high resolution spectral element Baudrand & Walker[ 181 
- this is covered in Chapter 7. One possible advantage of LMA fibres over traditional 
step index single-mode fibres is that the mode field does not change size with 
wavelength and hence lenslet-fed IFS in a single mode becomes possible, because the 
diameter of the pupil image placed on the fibre end face also does not change scale 
with wavelength .. Chapter 5 deals with this subject in some detail. 
Multimode PCF's are also available, whereby the core is a very large homogeneous 
region surrounded by a cladding PCF. This promises extremely high numerical 
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apertures which would be well matched to the fast primary foci of ELT class 
telescopes. Although little work has been published to date we are aware of at least 
one group looking into the focal ratio degradationr 191 (FRD), throughput and general 
mechanical performance of these fibres. 
Other more advanced photonic crystal fibre types include, non-linear fibres whose 
most studied application area to date is in the generation of super continua, which 
might find use in spectroscopic calibration in the lab or even on instrument. 
1.4 Photonic Instrumentation 
Microscopic photonic devices (PD), such as integrated optical circuits and photonic 
crystals are characterised by physical scales typically 2 to 4 orders of magnitude 
smaller than traditional optical instruments. They have a number of unique properties 
which make them very attractive to modern astronomy including no internal alignment 
or maintenance once manufactured, simple deployment due to their small size, 
avoidance of lossy air/glass interfaces and ease of scaling in manufacture. Generally 
their operation is described in terms of the optics of the vectorial electromagnetic field 
rather than the intensity field appropriate for macroscopic devices. To realise 
instrumentation for extremely large telescopes (ELT's) that is both affordable and 
efficient is a daunting task. Projected instrument sizes and cost are very large with 
complex and lossy optical paths. The small size of photonic devices holds out the 
possibility of reduced size and cost. Furthermore, their ease of deployment and 
multiplexing via small coherent bundles make them potentially very attractive to 
massively-multiplexed integral-field spectroscopy - an important requirement for 
future astronomical facilities. Considering also that many advances in astronomy have 
been made possible by instrumentation that fully exploits the vectorial electromagnetic 
field, such as interferometry[201 and, more recently, phase apodisation[211 , so the 
potential to revolutionise astronomical instrumentation and explore new regions of 
observational parameter space is clear. 
Many optical components already exist in the form of PD's for common tasks 
including dispersion and interferometry[221 • In astronomy, PD beam-splitters have been 
used in interferometry for some time[231 and new phase-retardation PD's are being 
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implemented to further simplify these instrumentsl241 . PDs have not yet been used in 
astronomical spectroscopy but Joss Bland-Hawthorn et al [251 note that currently 
available communications spectrometers (Fig 1.4(a)) already have many features 
attractive to astronomy . 
(a) 
(b) (c) 
Critically or bettEr slightly oversampled 
Telescooe Telecentric feed 
Figure 1.4 - (a) A photonic spectrograph[}. (b) Single-mode array scheme for 
increased field of view and/or coupling, (c) a multi-core LMA PCF. 
However, most of these devices are operated in the single-mode regime. Further to 
this, the proposed size of the MOMS I instrument [261 , for the ESO ELT indicates that 
photonic instrumentation might be the only way to fully exploit the enormous 
scientific potential of ELT class facilities and therefore the importance of both 
photonic instrumentation and single-mode photonic crystal fibres to astronomy is 
clear. 
Previous researchers have derived models [271 , and tested the coupling on telescope [281 
with step index single-mode fibres yielding as much as 44% throughput, in highly AO 
corrected cases. However, this has required significantly more work than would have 
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been required in the multimode case. However, overall losses due, for instance, to the 
number of air/glass interfaces in the optical path in a facility class spectrometer, can 
lead to a total throughput of 30% or less. (For example 20 air/glass interfaces with 
0.9620 plus the detector and grating efficiencies). With no air glass interfaces within 
PD's and losses being reduced as development continues, it is highly likely that PD's 
and therefore, to some extent single-mode fibres, are going to play a far more 
prominent role in spectroscopy than has been enjoyed thus far. 
Various schemes for efficient coupling are proposed and investigated in this work, 
particularly in chapters 4 and 5, including for instance the deliberate defocusing of the 
telescope PSF to better match the coupling efficiency into a single-mode and even 
perhaps coupling the point spread function (PSF) into multiple single-mode fibres 
such as the scheme in Fig 1.4(b) utilising specialist fibre arrays such the one shown in 
Fig 1.4(c). Chapter 5 deals with the coupling for spectroscopy, into single-mode fibres 
in some detail. 
1.5 Multimode fibres in modern astronomy. 
This thesis also investigates two topics of some interest in multi-moded fibre fed 
astronomy today. The first is in OH suppressing devices, whereby a multimode fibre is 
tapered or feathered out into many single-mode fibres. Bragg gratings are then 
imprinted onto each SM fibre in the array and the whole lot re-fused into a multi-
moded output - Figure 6.1. The resulting fibre device is then multi-moded at its ports 
but with the single-mode performance of the fibre Bragg grating. First proposed by 
Bland-Hawthorn et al 1291 and demonstrated in the lab by Leon-Saval et al 1301 these 
devices promise very high atmospheric linet rejection for spectroscopy. The number of 
modes in the SM array has a direct effect on the manufacturability of the device and an 
analysis of these fibres on telescope is contained in chapter 6. 
The other topic is fibre modal noise. When the spectral width of a resolution element 
on a spectrograph detector is small enough, in A, such as in very high dispersion 
t This is an atmospheric effect whereby the sky background is dominated by unwanted bright spectral 
emission lines in the near infra-red due to hydroxyl ions in the upper atmosphere. 
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applications the modes of the optical fibres that feed the element are seen to partially 
interfere with each other. This interference pattern changes shape when the fibre is 
moved, such when the telescope tracks an object on the sky for instance and this 
causes a photometric uncertainty on each element. Very high spectral resolution 
applications are typically associated with analysis of line profiles to fractions of 
percent [311 such as planet finding searches. Further , number of echelle based 
spectrometers are in use already, such as EPSADONS [321 , HARPS [331 and FOCES [311 
and with more planned such as PVRS [341 , whose contract will be awarded soon and 
the recently re-proposed WFMOS [351 , the issues surrounding modal noise are of some 
contemporary interest. 
1.6 Summary of thesis contents 
The uses of traditional multi- and single- mode fibres in astronomy has been covered 
briefly in this chapter alongside introductions to the new technologies of photonic 
crystal fibres and photonic instrumentation. Chapters 2 and 3 are an introduction to 
traditional step index and photonic crystal fibre theory. 
Much remains to be understood about how photonic instrumentation might to used to 
advantage in astronomy including how they are to be fed at the telescope. Coupling 
analyses in the diffraction limit are useful for finding the extents of the performance 
envelope but tells us little about what can be expected in natural seeing. The light from 
an infinitely distant point source reaches the Earth as a plane wave. However, 
atmospheric turbulence causes changes in the refractive index of the air which itself 
then causes the planar wavefront to become distorted, that is retarded in phase, 
yielding a highly non-planar wave at the surface where, generally, the telescope 
resides. The subsequent image is then badly distorted - Fig 1.6. Worse the turbulent 
atmosphere is time resolved and an adaptive optics (AO) system [361 is required in 
order to correct as much of the distortion as possible, returning the input wave to the 
imaging system to something approximating a plane wave. 
1- Optical fibre technology in astronomy 
(a) (b) 
Figure 1.6 - (a) A diffraction limited (unabberated) PSF, (b) an 
atmospherically abberated PSF. Both in linear grey scale. 
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The Centre for Advanced Instrumentation at Durham University is a centre of 
excellence in the design and construction of AO systems and most importantly here, 
the modelling of both the atmosphere and the amount of correction applied by model 
AO systems. Predictions about how these degraded and partially corrected images then 
couple into optical fibres can be made yielding a far more accurate picture of their on 
telescope properties. The coupling of atmospherically aberrated telescope PSF's into 
single-mode photonic crystal fibres is covered in Chapter 4. 
The new design parameter space of photonic crystal fibres is also an important new 
area of research for instrument scientists in astronomy. The most immediate example 
in this thesis is the ability to feed an LMA fibre with a lenslet due to the wavelength 
independence of the mode field size. This work will have direct relevance to the 
application of single moded photonic instruments in astronomy and the fact that 
Chapter 5 is the largest single chapter in this work should indicate how much there is 
to learn. 
The uses of the atmospheric analysis are not restricted to single-mode fibres, of 
course. The form, and most specifically the enclosed energy as a function of PSF 
radius, of the degraded PSF is of singular importance when discussing OH suppressing 
fibre systems since the number of modes in the single-mode array is directly 
proportional to the size of the multi-mode fibre core. The total throughput of an OH 
suppressing fibre is calculated from how much energy in the PSF is vignetted by the 
core with larger cores increasing coupling but also increasing the manufacturing 
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complexity of the fibres. Chapter 6 covers this for the two most commonly found 
cases in astronomy, the direct feed of the Airy pattern into the fibre and when a lenslet 
is used to place an image of the exit pupil of the telescope on the fibre end face. 
Finally, a common theme throughout the preceding sections and, indeed, throughout 
this work is that, like the single-mode regime, there are many fibre technologies, such 
as OH suppressing devices and in fact certain properties of normal multi-moded step 
index fibres such as modal noise, covered in Chapter 7, that are easier to understand in 
the EM model than the ray model. 
Far from being a mature application, then, there is still much new instrument science 
to be explored in the application of optical fibres in astronomical instrumentation and 
this thesis goes some way to exemplifying this. I also hope to show, throughout the 
thesis, that knowledge of both the ray optical and EM models for many fibre types is 
often useful and sometimes necessary even if only to justify the blind use of the ray 
model. 
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Chapter 2 
Step index fibres 
2.1 Introduction 
The most commonly used type of optical fibre in astronomy are step index fibres. As 
Fig 2.1 shows they are characterised by a homogeneous core and cladding each with a 
different refractive index. The core refractive index (RI), ncore is higher than that of the 
cladding, nc1adding and light is trapped and guided along the fibre by total internal 
reflection[IJ. 
Figure 2.1- The polished end of a JOOJ.im diameter core step index optical 
fibre. 
In this chapter the ray optical and electromagnetic models of guidance are introduced 
and compared in sections 2.2 and 2.3 respectively. Specifically, the single-mode 
regime is described in section 2.3.6 and various results useful throughout the rest of 
this work are introduced where relevant. Section 2.4 deals with the coupling integral, a 
mathematical device useful for modelling optical fibres as part of an optical system 
with some experimental verification of the integral shown in section 2.4.2. 
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2.2 The ray optical model 
2.2.1 The guidance mechanism 
The ray optical model is generally the simplest way to understand how light is trapped 
and guided along a step index optical fibre and in fact when many modes are 
supported within the fibre it is also the most expedient. 
With reference to Fig 2.2, Snell's law at a planar interface tells us that l2l 
(2.1) 
At the critical angle B1 = Be, fit= 7d2 and sin~= n,ln;. For B1 > Be, the light is totally 
internally reflected and the ray is trapped within the region of higher RI. 
Figure 2.2- Snell's law and total internal reflection 
When the geometry in Fig 2.2 is wrapped around to form a cylinder, light can be 
trapped within a region of higher RI, the core, by a cladding region of lower RI 
thereby creating a step index optical fibre. 
2.2.2 Types of ray mode 
There are two types of ray that can travel along a step index optical fibre as shown in 
Fig 2.3. Meridional rays pass through the axis of the fibre and by symmetry are then 
(and assuming a perfectly straight fibre) trapped to do so for the entire length of the 
fibre. Each meridional mode is then characterised by only the angle it makes with the 
axis, Bz. Skew rays, however, are characterised by two angles, Bz, as in the meridional 
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case and ¢,the angle that the ray makes with a tangent to the (circular) boundary in the 
(x-y) plane['l. 
As Fig 2.3 shows skew rays cannot pass through the centre of the fibre, instead they 
rotate about the axis as they propagate along the fibre, with the point of shortest 
distance between the ray and the axis tracing out a circle. If the circle has zero radius, 
the mode passes through the axis and the ray, is then, meridional. 
X Two metiodonal rays 
Askew ray 
Figure 2.3- The ray optical model. Each ( Bz, ¢) corresponds to a different mode. 
Snyder and Love [IJ show that the ray transit time, the time taken for a ray to travel 
some given length, L of fibre is dependent only on 8 z and specifically not on ¢. Hence 
any correlation between the ray optical and EM models must take this into account. 
2.2.3 The numerical aperture 
The largest angle that the ray can make with the core/cladding surface normal is the 
critical angle for total internal reflection if the ray is to be guided along the fibre. 8z is 
traditionally defined with respect to the fibre axis and hence total internal reflection 
occurs for cos(} = ncladding / [ZJ 
z /ncore 
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II core 
Figure 2.4- The numerical aperture 
At the input interface, ni sin (}i = ncore sin (}z and using the trig identity 
cos(}=~ 1- sin 2 (} , substituting and rearranging yields, 
2 2 
n core - n cladding (2.2) 
The quantity e is known as the numerical aperture and is used to describe the largest 
input angle in region n;, supported, i.e. bound, within the fibre. 
2.2.4 Ray optical model comment 
The ray optical model assumes that a continuum of rays exists between B, = 0 and B 1 = 
e and when the fibre supports many modes this will be shown to be approximately 
true. However, when the fibre supports only a few modes the ray optical model 
becomes less accurate and indeed in the limit of single-mode guidance when only one 
mode is supported the model is wholly inappropriate. This is commented upon further 
in the remainder of this chapter and specifically in Chapter 6. 
2.3 The electromagnetic mode model 
In this section the electromagnetic (EM) modes of step index optical fibres are 
described and derived. Since the EM modes are solutions of Maxwell's equations 
subject to the step index boundary conditions then they should be considered to be a 
more fundamental description of the guidance of energy by the fibre. By comparison, 
the ray optical model is an approximate abstraction, albeit quite an accurate one when 
many modes are supported. 
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2.3.1 Some basic properties of EM modes 
Some basic results are presented in this section for use in later sections and chapters. 
The geometry described by Fig 2.5, is used throughout. 
llcJndd;ug 
Figure 2.5- The fibre geometry 
Each mode,j, of a z-invariant* dielectric waveguide is expressible [IJ as 
E J (x, y, z)=e J (x, y )exp(iP1z) (2.3) 
where p is known as the propagation constant. Therefore combining the longitudinal 
and temporal exp( -i ox) variations we see that each modal field e1 varies as e i(P1z-ax). 
The distance between two identical points on the wavefront is given by f1JL1z=2tr and 
the time taken for the wave to have travelled this distance is mAt=2 Jr. The ratio of 
these gives the modal phase velocity given by, 
(JJ 
v ·=-
PJ fij (2.4) 
This quantity ts the speed at which the wavefront of the mode travels along the 
waveguide when excited by a single monochromatic component. When the fibre is 
used to transmit information the sinusoidal component is modulated implying that a 
small spread of wavelengths must exist to form a wavepacket. This wave envelope 
then travels at the modal group velocity given by 
* i.e. end effects are ignored by assuming the fibre to be infinite in extent in the z-direction. 
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dm 
v ·=--
g) dflj (2.5) 
if dwis small enough for L1oh1fl""' doidfl. 
As we shall we, each mode is characterised by a different value of fl. Further, 
different modes have different group delays (the time taken for the mode to traverse 
the length, L of the fibre), therefore Llvf!J is analogous to the ray transit time. Since 
each mode travels with a different speed along the waveguide then any pulse of light 
used to excite the fibre will be distorted in (temporal) shape at the fibre output. This 
effect is known as intermodal dispersion and, as described in chapter 7, the lack of 
sufficient intermodal dispersion with respect to the coherence time of the supported 
pulse is the cause of modal noise in high dispersion fibre fed spectroscopy. 
A range of allowed propagation constants, flJ, for the fibre can be derived from 
Eq.(2.4) on physical groundsl 11 . The maximum value of refractive index within the 
fibre is ncore and therefore the minimum possible phase velocity is clncore· Conversely, 
the minimum refractive index is nc1adding· Now it is possible for the phase velocity of 
the mode to exceed cine/adding. but this means that energy is being lost from the 
wavefront, radiating away within the cladding, into radiation modes. These are modes 
that do not approach zero as the radial distance from the fibre core approaches infinity 
and taken as a whole cause energy to radiate away from the fibre core. Thence for 
truly bound modes, Vcore < Vmode < Vciadding and hence 
(2.6) 
In order to make the equations governing EM modes dimensionless and, indeed, to 
conveniently and completely describe the state of the fibre, the V parameter and 
associated modal parameters U and Ware derived for later use as, 
V = ka~n~ore - n~ladding = ka8 (2.7) 
U j = aJk 2 n~ore- fl} (2.8) 
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(2.9) 
so that V 2 =UJ + wj. 
2.3.2 Using the scalar wave equation 
Following, closely, the analysis given in reference [ l ], by assuming that the separable 
form of the modal fields, Eq.2.3, is valid, that no sources (currents or free charges) 
exist within the fibre and that Eq.(2.3) is decomposed in Cartesian form, 
e j = e xj (x, y )x + e yj (x, y )y + e zJ (x, y )z, then the wave equation can be expressed as 
(2.10) 
All terms in Eq.(2.10) involving V 1 Inn( x, y /are zero valued everywhere except at 
the core/cladding boundary. However, if the wave equation is solved in each 
homogeneous region (i.e. separately in core and cladding) and the boundary conditions 
at the interface observed then we need only find solutions of the homogeneous 
equation, 
(2.11) 
a2qt a2qt a2qt 
where V; 'I' = - 2- + - 2- + - 2-. Most fibres used in astronomy are commercially dX dy dZ 
available 'weakly guiding' fibres meaning that the difference between the core and 
cladding refractive indices is very small. The drawing process used to manufacture 
optical fibres causes tiny density fluctuations in the refractive index of the glass which 
are small in size with comparison to the illuminating wavelengths typically guided by 
optical fibres. Hence scattering of the light about these fluctuations occurs 
isotropically in direction - Rayleigh scattering. The increased RI in the core is 
generally achieved by doping the virgin cladding material but this increases the micro 
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RI variations and therefore Rayleigh scattering losses are reduced by minimising the 
core-cladding RI difference. 
Further simplification is possible in the weakly guiding regime. Even though in the 
fully vectorial case neither ezJ nor hzJ are generally zero for most modes (see section 
2.3.4) assuming that ncore ""' nc1adding then the core and cladding taken together are 
almost a homogeneous region of space. Therefore the solutions of the wave equation 
Eq.(2.11) are approximately plane waves, travelling along z but with no z-component 
and we can therefore approximately specify the mode using only the transverse field, 
(2.12) 
and therefore we look for solutions of the scalar wave equation, 
(2.13) 
where ffJ is either exj or eyJ· 
To summarise, solving the vectorial wave equation Eq.(2.10) can be sidestepped by 
solving the homogeneous equation (2.11) in each region of refractive index and then 
imposing the boundary conditions at the core/cladding interface. Further, the fields of 
weakly guiding optical fibres have a tiny z-directed field component. This component 
can thus be ignored reducing a three dimensional Eq.(2.11) problem to two, Eq.(2.13) 
2.3.3 The solution of the scalar wave equation in the step index case 
If J/;2 is expressed in cylindrical-polar coordinates, p and ¢, there are two separable 
solutions of Eq.(2.13) for each value of p. These are, 
'¥ = fd r )sinl¢ 
'¥ = fd r )cosl¢ 
where ft satisfies the second order homogeneous equation, 
(2.14) 
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( d
2 
1 d 1
2 
2 2 J 
-+----+U -V g( R) f1( R)=O 
dR 2 R dR R 2 
(2.15) 
U and V were defined in section 2.3 and R = ria. g(R) is the normalised refractive 
index profile [IJ_ lis an arbitrary integer. By solving this second equation separately in 
core and cladding (i.e. where g(R) = 0 for 0 ~ R < 1 and g(R) = 1 for 1 < R < oo ) 
yields, 
11 (UR) 
fcore,l = lz(U) O~R<l 
J~R<oo 
(2.16) 
where 11 is the Bessel function of the first kind (order l) and K1 the modified Bessel 
function of the second kind. Since rp is chosen arbitrarily to be either ex or ey then there 
are four vectorial modal solutions per f3 in the scalar model. These are, 
e1 =J1 (R)(cosl¢X-sinl~) 
e2 =J1 (R)(cosl¢X+sinl~) 
e3 =ft(R)(sinl~+cosl¢X) 
e4 =J1 (R)(sinl~-cosl¢X) 
(2.17) 
Applying the condition that.fi and d.fi!dR must be continuous across the boundary at R 
= 1 yields an eigenvalue equation that must be satisfied for each valid mode. However, 
more physically, Maxwell's equations demand that the z-component is continuous 
across the boundary. Even though we have approximated this component as zero 
valued, in the full analysis, of course, it generally is not. e2 within the core and 
cladding are given by, 
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(2.18) 
where p and q are functions of the shown variables. Thence, imposing continuity at R, 
the equation for the valid eigenvalues, U, is, 
(2. 1 9) 
Equation (2.19) can only be solved numerically and computationally this is achieved 
by first setting the V value in question and then stepping over U values, increasing 
from zero, at some desired resolution for all U < V and inspecting for zeros. U = V 
implies f3 = knc1adding and all modes, except the lowest order mode, the fundamental, 
are cut-off, i.e., they are not supported at and below this value of U. There m solutions, 
labelled, 1 ,2,3 ..... m, of Eq.(2.19) at each value of L. Figure 2.6 is a plot of valid U(V). 
The relationship between L, m and the traditional mode nomenclature is dealt with in 
the next section. 
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Figure 2.6 - A plot U against V including the mode nomenclature of each 
supported mode. 
From Eq.(2.7) as the diameter, (2a) or the numerical aperture, e of the fibre increase 
and/or the wavelength, A of the guided light decreases then so the V value increases. 
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From Fig 2.6 as V increases so more modes are supported appealing to the physical 
notion that smaller wavelengths in 'larger' waveguides will increase the total number 
of supported modes. 
2.3.4 Description of EM modes 
With reference to Fig 2.6 and the preceding arguments, the mode nomenclature is 
traditionally denoted as given in Table 2.1. Generally, the HE modes are designated by 
(l+ 1 ,m) and the EH by (l-1 ,m). In the 1=0 case the HE and EH are degenerate yielding 
only the HE 1m modes. The l= 1 modes are described below. 
l = 0 
HE (even) 
HE (odd) 
l = 1 
HE (even) 
HE (odd) 
TMEH 
(t'\t'll) 
TE El-l 
(odd) 
l > 1 
HE (even) 
HE (odd) 
EH (even) 
EH (odd) 
Mode number 
1+1, m 
1+1, m 
Mode number 
1+1, m 
1+1, m 
l-1, m 
l-1, m 
Mode number 
1+1, m 
1+1, m 
l-1, m 
/-1, m 
Transverse mode 
field 
e1 =e2 
e3 = e4 
Mode field 
eJ 
e3 
e2 
e4 
Mode field 
eJ 
e3 
e2 
e4 
Comment 
Comment 
Vectorial hz = 
0 
Vectorial ez = 
0 
Comment 
Table 2.1 -Mode labelling in step index optical fibres. -See [ 1] for historical 
and technical reasons for this nomenclature. 
The TE and TM, transverse electric and transverse magnetic, respectively are so 
named because they satisfy even the fully vectorial wave equation, Eq.(2.10) with a 
zero z-component and are therefore, as the name suggests, fully transverse. They are a 
special case of the EH mode type when l = 1. At this point we can align the results of 
the EM analysis with the ray optical model. 
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(a) (b) 
X 
,. 
Figure 2-7- (a) A meridional ray, (b) A skew ray. 
Rays, when considered as local plane waves within the fibre, must be characterised by 
e, h and k vectors that are orthogonal to each other. Therefore in the meridional case, 
either e or h (as shown in Fig 2.7(a)) must be confined to the (x-y) plane. i.e. e2 = 0 or 
hz = 0. In the skew ray case, panel (b), no components of e or h are generally zero 
valued. Hence we can see immediately that meridional rays are TE, TM modes and 
skew rays are all other HE, EH. By inspecting Fig 2.6 it is obvious that many more 
skew rays are supported within an optical fibre than meridional. As a very rough 
approximation, there are 6 transverse modes and 32 (odd+even) skew modes in Fig 2.6 
at V= I 0, which in chapter 5 is shown as yielding a good geometrical approximation 
and so the ratio of meridional to skew is -115. 
To further exemplify section 2.3.3, the field solutions of some lower order modes are 
found in Fig 2.8. Here the component field amplitudes are shown together with the 
total field intensity and in some cases the transverse vectorial field itself. Note that the 
field of designation l,m has 2/ azimuthal extrema and m radial extrema. Note further 
that as the order of the mode increases so the spatial frequencies that go to make the 
'image' of the mode reduce in wavelength. i.e. at higher modal orders, smaller spatial 
frequencies are required in order to decompose the image. This description will be 
revisited in chapter 5. 
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IiE21 Odd 
Fig 2.8 continued overleaf .... 
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Figure 2.8- Mode fields and intensity plots for all modes supported at V= 6 . 
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2.3.5 Comparison with the ray optical model 
A direct and rigorous comparison of the ray and EM models is possible and involves 
decomposing the modes into families of rays[ 11 . However, the simplest clues to the 
relationship exist in the form of the EM mode itself and rules derived for the 
propagation constant fJ in section 2.3.1. 
In the ray optical case, where, once again the ray is modelled as a local plane wave as 
in Fig 2.7, equiphasal surfaces of the plane wave must exist normally to k. Hence 
equiphasal surfaces in the direction of z must be found atk.pz where Pz is the z-directed 
unit vector. However, from Eq.(2.3) equiphasal surfaces of the EM mode exist at 
intervals of fJ along the z-axis and therefore, 
fJ = lklneoreCOS B z (2.20) 
Since each mode is characterised by a separate fJ then each EM mode is also 
characterised by a single B z· To check that this makes physical sense note the 
following. By substituting Eq.(2.7) and Eq.(2.8) into Eq. (2.20), the following 
relationship exists[IJ, 
U =V sinBz 
sin0 
(2.21) 
so that when U = V Eq.(2.21) implies that Bz = e and the ray in question is at the 
numerical aperture of the fibre. For values of U < V the angles are smaller than Be. 
Further note that total internal reflection occurs when nc/adding = neoreCOS Be. Hence, 
when Bz = Be from Eq. (2.20) fJ = lklnc~adding• the known lower limit on fJ ,and therefore 
upper limit on Bz by Eq.(2.20) from the EM model in section 2.3.1. 
However, perhaps the most striking example of the correspondence ts shown m 
Chapter 6 -Note particularly the results of section 6.4.1. 
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It is worth noting that it is only at the cut-off of some mode that a mode exists at the 
numerical aperture of the fibre since it is only then that U=V. Also at lower values of 
V, the modes are more widely spaced in U and therefore in 8 and this is why the ray 
optical model, when applied to fibres that support only a few modes, implies preferred 
ray optical directions. These directions are associated with the EM modes directions 
supported within the fibre. 
Finally note that the ray transit time was stated in section 2.2.2 to be dependent on 8 z 
only. By inspection of equations (2.5) and (2.20) we see that this is also true of the EM 
model. 
2.3.6 The single-mode regime 
From Fig 2.6 if V < 2.405, then the fibre becomes single-moded. Only the fundamental 
doublet, (HE 11 - Odd and Even) is supported within the waveguide and the 
geometrical model is entirely inappropriate. Comments in chapter 1 should indicate 
the importance of this regime to astronomy and chapters 4, 5 and 7 will cover this in 
far more detail. For now, a brief description of how the mode behaves as the V 
parameter varies will suffice. 
The mode itself can be well modelled by a Gaussian distribution [JJ with an RMS 
width, r0 , of 
(2.22) 
This variation is of particular significance in chapters 3,4 and 5 when dealing with 
coupling light into single-mode fibres. 
As noted in section 2.3.3 as the V value increases/decreases, more/less modes are 
supported within the waveguide. But what effect does varying V have on the single 
fundamental mode? Fig 2.9 shows that as V reduces in value the mode spreads out into 
the cladding. 
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Figure 2.9 The variation in Gaussian field 'spot size ' with V. Computed using 
the results of section 2.3.3 
The waveguide is less able to confine longer wavelengths for the same e and a. 
2.4 The coupling integral 
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In order to model how optical fibres are used in astronomy both the ray and EM 
models are required. Coupling into the fibre in the ray model is trivial since the fibre 
acts as a macroscopic optical component. Even focal ratio degradation [4-61 can be 
described (and to some extent) explained using the ray model. However, in the single-
mode regime and for some few-mode and multi-mode applications the coupling of the 
incident light in the EM model is required. In this section the coupling formalism is 
derived that will be used throughout the rest of this work. 
2.4.1.1 Derivation of the coupling integ rat 
The problem at hand is that of coupling an arbitrary monochromatic external field into 
the optical waveguide with its end face cut perpendicularly to its optical axis, as 
shown in figure 2.10. Hence we need only consider forward travelling bound modes 
and the radiation continuum within the fibre§. Since the analysis is performed 
§ The radiation continuum are modes that are valid solutions of the wave-equation111 but do not asymptotical ly 
approach zero as r -7 inf. There are two types- Evanescent modes that are characterised by Re(/l)=O; Im{/3) >0 
which decay exponentially with z and Radiation modes where 0 ~ p < knciadding which are real , have a continuum of 
f3 values and individually propagate without loss in z. However, when summed in tota, they represent energy 
travelling away from core in the transverse directi on. 
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exclusively in the spatial domain we can also ignore the time dependence e-ioot of each 
field since it will simply remain as a factor at each stage. Indeed a polychromatic 
extension of the analysis leads only to a summation of each equation over frequency, 
independent of the spatial domain. 
An illuminating electric field is placed on the end face of the fibre Et (x, y). It is 
important to note that no simple relationship exists between E ;(x, y) the illuminating 
field and E1 for an arbitrary fibre transverse refractive index profile since Er composes 
both E; and the back reflection, Er. However since we are dealing only with weakly 
guiding fibres then ncore ::::: ncladding and the whole of the end face of the fibre can be 
approximated as a homogenous block from which a planar E; results in a planar Er. 
The total field is then unaltered in form but attenuated by the term T = 
~-
y 
:=0 
Figure 2. 10- Coupling light into a fibre 
The generalised boundary conditions on the electric and magnetic fields at the end face 
of the fibre are E
1
r = £1~ and H 1r = H 1j the continuity of the transverse electric and 
magnetic field components, a consequence of Gauss and Ampere's laws, 
respectively[71 . Also the only supported electromagnetic fields within the fibre are the 
bound (as noted above, assumed lossless) and radiation modes and hence the 
following equality must be true for any Er. 
Et( X, y )= L>mem( X, y )+ E rad( X, y) 
m 
Ht( x,y )= "I.amhm( x,y )+H rad( x,y) 
(2.23) 
m 
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where m is the summation over all forward propagating modes em(x,y), each with an 
associated amplitude coefficient am and Erad(x,y), represents the radiation continuum. 
It is a standard result in the theory of step index waveguides [1'8l that an orthogonality 
relation between modes exists such that, 
(2.24) 
( fiz is the z-directed unit vector) and A= 1{2 , the infinite (x-y) plane. 
In order to compute the coupling of Et into mode n we first take the vector product of 
* Eq. (2.23) with the complex conjugate of the mode of interest, h~ and then integrate 
over A= (}{2 to yield, 
JEt xh~.fizdA= L Jamem xh~.fizdA+ JErad xh~.fizdA (2.25) 
A m A A 
By the orthogonality relation Eq. (2.24) the right hand side of Eq. (2.25) is zero valued 
for all m -:~; n and since the integral does not operate on the amplitude coefficient am, 
we take it out of the integrand to yield, 
JEt xh~ .fizdA 
an = _,_,As-=----~-*---
en xhn.fizdA 
(2.26) 
A 
Since we are only treating fibres with assumed fully-bound modes then all bound-
mode power travels in the z-direction only. The time averaged Poynting vector [12l can 
then be integrated over the infinite transverse plane to yield the bound-mode power P, 
P= J(s).fizdA=f JRe( ExH* ).fizdA (2.27) 
A A 
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However E = a11 e nand H * = a11 h~ hence the modal power in mode n, Pn is 
Pn =fa~ Jr en xh~ ).fozdA (2.28) 
A 
Again utilising Eq. (2.27) to calculate the total power, Pin the field in the end face of 
the fibre Et, substituting Eq. (2.26) into Eq. (2.2.8) and taking the ratio P11/P yields the 
coupling integral[I,Bl, 
(2.29) 
This integral equation can be recognised as an inner product in the numerator 
normalised in power in the denominator and hence sum of P n over all modes of the 
fibre will yield a Fourier like decomposition of the input field but in the basis of the 
fibre modes. 
II- Step index fibres 36 
2.4.2 Range of validity of the coupling integral 
It should be noted that Eq. (2.23) is valid only for e << e2 due to the need for both E 
and H terms in Eq. (2.2.3) to be valid simultaneously, so some experimental 
verification of the validity of the coupling integral out to large angles is required. The 
easiest way to achieve this is to test the coupling at various angles into a single-mode 
fibre since there is a known relationship between coupling and beam angle for a single 
input beam [Il as shown in Fig 2.11 
(a) (b) 
Pinhole, 3 ill bfl 
coJlimatorh:amera 
system -rtems 4 & 6 
Fibre under test 
Figure 2-11 -A single input beam to the fibre, (b) input focal ratio modelled as 
multiple beams 
The transmission efficiency of the fibre (assuming no bend loss and perfectly prepared 
end faces) is given by 
1 rJ Po (e) sin t1i e 
1- cos em 0 p 
(2.30) 
where PJPs is the ratio of the total power coupled into the fundamental mode and the 
total power in the incident illumination, Po( 8)1 P is the ratio of power coupled into the 
fundamental mode to total incident power for a uniform beam incident on the fibre end 
face at angle e. Hence Eq. (2.30) is just an integral over a continuum of planar input 
beams at range of angles 0 to em. 
Experimentally, the arrangement in Fig 2.11(b) can be approximated by using the 
experimental apparatus shown in Fig 2.12. 
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(a) 
(b) (c) 
Figure 2. 12(a)- Test apparatus for coupling integral- (f)633nm laser aligned 
along whole rig, @ White light source & 633nm filter, (}) Pinhole, @ 
Collimating lens, (J) Beam splitter and microscope used to align fibre with 
pinhole image, @ Iris used to set focal ratio of camera lens that feeds the fibre, 
(!) The fibre under test carefully mounted in Newport seven axis mounts to 
reduce fibre stress plus glass plate and index matching grease at fibre input,@ 
Imaging optics used to collect the light output from the fibre and send it to the 
CCD, ® The CCD camera; an SBIG, S17.(b) the entire rig-(c) thefibrefeed 
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The pinhole image placed on the fibre core acts as the diffuse source with 8111 selected 
by altering the input focal ratio. With reference to Fig 2.1l(b), the pinhole and its 
image are so small by comparison to the front and back focal lengths of the 
collimator/camera (ffl, bfl in the figure) that the rays emanating from all points on the 
pinhole passing through any given infinitesimal lens element reach the image at almost 
identical angles and hence, as per the model , the light coming from any given angle 
(lens infinitesimal) can be modelled as a plane wave. Now, P0 ( 8)/P takes an extremely 
complicated form (Snyder and Love equation 20-26) for the step index fibre and hence 
the output of Eq.(2.30) is computed numerically. 
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The fibre and rig were carefully aligned in angle with the back reflection off the glass 
plate used to reduce the angular uncertainty to 50J..t.m in 85mm, the focal length of the 
feeding lens, 6. The aperture was set to an accuracy of +/-20J.Lm using a digital vernier 
calliper and iris (6) centration error was estimated at <IOOJ.Lm. The uncertainty in the 
focal length of the lens is estimated at a very generous 1 mm, since the component used 
was a high quality photographic f/1.4 lens. Since angular uncertainties such as 
centration error can only work to decrease the focal ratio, the error bars are 
asymmetric in ordinate. 
The uncertainty in throughput is due to the sum in quadrature of three terms. The 
photon noise, the uncertainty in the area of the iris used to normalise the throughput 
and finally a 5% uncertainty in the illumination of the iris; determined in a separate 
experiment. 
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Figure 2.13 - Plot of relative coupling efficiency against input focal ratio -
experimental and modelled- Eq(2.30). 
The theoretical curve was calculated using the manufacturers stated core RI and fibre 
NA. The measured data are on a relative scale so the two data sets were normalised 
and show excellent agreement for all points except some small discrepancy at f/4 
where the model is expected to start to break down. This experiment is revisited in 
chapter 5 where the coupling integral, and various results based on it are 
experimentally validated with significantly smaller uncertainties but at much smaller 
{} z· This experiment does however, give us confidence in the behaviour of the 
coupling integral at high input angle. 
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2.5 Summary 
In this chapter, the ray optical and electromagnetic modal models of step index optical 
fibres were derived and the two compared and shown to be equivalent at large V. This 
relationship will be revisited in Chapter 6. 
Various tools and results were derived that will be useful throughout the rest of this 
work and the validity of the angular range of the coupling integral Eq. (2.23) tested 
experimentally. 
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Chapter 3 
Photonic crystal fibres 
3.1 Introduction 
Photonic Crystal fibres (PCF) are a new generation of optical fibre that trap and guide 
light via a two-dimensional photonic crystal structure rather than the more traditional 
single (radial) dimension of step or graded-index fibres. PCFs guide light by one of 
two mechanisms, photonic band gap or index guidance. This chapter provides a 
rudimentary explanation of these two phenomena along with a discussion of those 
properties most relevant to astronomy. 
Section 3.2 contains some physical background intended to gently ease the non-
specialist reader into the more detailed explanations of photonic band gap and index 
guiding fibres in section 3.3 and 3.4, respectively. The coupling integral from Chapter 
2 is revisited and applied to photonic crystal fibres in section 3.5. 
3.2 Some physical background. 
Dense matter, such as glass for instance, is made up of a three dimensional array of 
atoms held together electromagnetically in a lattice structure. That is, dense matter at 
the sub-microscopic level is inherently lumpy so an obvious question to ask is 'how 
can a beam of light pass through such a medium without being scattered in all 
directions?' 
The answer to this problem can be explained with the aid of Fig. 3.1, which shows a 
beam of light incident on a block of a dense medium such as fused silica, for instance. 
The incident light wave excites each row of atoms in the material, which then reradiate 
(elastically and resonantly) and excite the next row, together with whatever energy is 
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left over from the incident beam[l1. The number of photons that are absorbed and 
reradiated in all directions by the atoms is so large that for even relatively modest 
input beam powers, we can imagine a spherical wavelet being emitted from each atom, 
with some phase relationship with respect to the incident beam. The scattered wavelets 
superpose in such a way that the incident beam is bent towards the surface normal, a 
process we all know as refraction and is allowed to propagate, as a beam, within the 
material. Macroscopically, we can then assign a refractive index based on Snell's law 
for beams of light at planar interfaces. 
sin8i _ n2 
sin8r n1 
Figure 3. I -A toy model (not to scale!) of the ensemble light scattering problem 
for a beam of light incident on a planar surface at angle 8;. The beam excites the 
first row of atoms in the dense medium which then reradiate and excite the next 
row, plus whatever energy is left over from the incident beam. The scattered 
wavelets superpose destructively in the A and B directions within the material 
and constructively in direction C. The beam thus propagates at angle Br We then 
associate a refractive index n2 to the dense medium and n1 to the vacuum outside 
the block, based on Snell's law, as shown in the figure. Incidentally, this is how 
we reconcile the fact that photons can only travel at speed c whereas the beam 
inside n2 is slowed to v = c!n2. The wavelets travel at c, the resultant superposed 
beam travels at v. An optically opaque material, of course, does not reradiate 
wavelets from its atomic centres and the energy is absorbed by the atom. A 
process that gives rise to different coloured glasses by wavelength selective 
absorption, of course. 
Photonic crystal fibres, like all waveguides, trap electromagnetic energy (microwaves, 
or visible or infra-red or ultra-violet light, for example) within some refractive index 
structure so that the energy can be usefully guided from one place to another. For 
instance, traditional, step index fibres, trap light by total internal reflection at the 
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boundary between the core and the lower refractive index cladding, whereas an air 
guiding photonic crystal fibre traps light in a core made from air surrounded by a 
photonic crystal by a mechanism known as a photonic band gap. 
As we have seen in the previous chapter, the formalism associated with even the 
simple step index fibre is complex [21 and the situation is no better for photonic crystal 
fibres[ 31 • However, it is important to understand that the guiding mechanism and 
behaviour of all dielectric electromagnetic waveguides can be thought of as due to the 
solution of the ensemble scattering problem. 
That is, regardless of what the waveguide is made from, glass or plastic or photonic 
crystals, or how it traps light, whether by total internal reflection or a photonic band 
gap, its behaviour manifests itself because of the way that light scatters within the 
waveguide structure. This is a useful baseline to bear in mind when lost in the fine 
detail of how photonic devices work, although, of course, we don't solve the entire 
ensemble scattering problem each time we want to understand how light interacts with 
blocks of material at macroscopic scales. 
For instance, a Bragg grating can be thought of as one dimensional photonic crystal 
and we can certainly say that the wavelets scattered by the atomic centres superpose in 
the region of the grating for the Bragg wavelength only in the -z direction, leaving all 
other wavelengths constructively superposed only in the +z direction but of course the 
formalism used to describe a Bragg-grating is usually cast at a far higher level of 
physical abstraction than that of the atomic [41 . 
In the case of the step index fibre (and index guiding photonic crystal fibres for that 
matter) the simplest level of explanation of the guiding mechanism is in terms of the 
refractive index, however even the notion of a macroscopic refractive index is itself 
based on the response of a particular block of material to electromagnetic energy. 
Snell's law for beams of light at planar interfaces is one example of this, see Fig 3.1. 
Indeed even the complicated (and non-constant) relationship between the refractive 
index and wavelength, known as material dispersion, can be thought of as occurring 
due to the highly frequency dependent response of the atomic oscillator. 
Macroscopically, I will describe the operation of the photonic band gap and 
(modified) total internal reflection and the description of each is somewhat involved. 
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However despite the jargonistic nature of (photonic) fibre optical theory, it is useful to 
remember that both mechanisms are based on the same sub-microscopic physics of the 
ensemble scattering problem. 
3.3 Photonic band gap fibres 
In terms of the light scattering problem, the behaviour of the photonic band gap fibre 
is relatively simple. One should think of the photonic structure forming the cladding, 
Fig. 3.2(b), as a 2 dimensional Bragg type structure[41 . 
Suppose we have arranged, by some means, that a plane wave exists, instantaneously 
within the photonic crystal fibre as shown in cross section in Fig. 3.2(a). On starting 
the clock, the component of the plane-wave in the (x-y) direction scatters within the 
(z-invariant) photonic crystal cladding structure and in much the same way as a ID 
Bragg device reflects light at a single wavelength, the wavelets in the cladding 
structure superpose in the x-y plane to reject the light and reflect it back into the core 
region over a small waveband. 
However, the plane wave has a non-zero component in the z-direction and hence the 
light is (a) trapped in the core region over a small waveband called the photonic band 
gap and (b) guided along the fibre in the z-direction. 
More difficult to explain without resorting to the formalism, see section (3.3.1), is that 
the photonic cladding only rejects light from regions of space that have a lower 
average refractive index than that of the structure itself and hence photonic band gap 
guiding (PBG) fibres are characterised by a low index core and narrowband behaviour. 
3.3.1 - The photonic band gap 
In order to explain how a PBG fibre guides light in more detail we look, initially, at a 
hexagonal periodic array of air holes in a solid substrate as shown in region H of Fig. 
3.2. Imagine that the array is unbroken so that no core is present and the periodic 
structure is extended to infinity. We will discuss what happens when we introduce a 
defect or in other words a core to form a fibre or waveguide later in this section. 
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Figure 3.2. (a), Plane wave of wavevector k , instantaneously 'placed' within an 
air guiding photonic crystal fibre. The top half of the fibre (i.e. in z) is shown 
removed for clarity, (b) Cross section of an air guiding photonic band-gap fibre. 
Crystal Fibre A/S. 
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In a periodic medium solutions to the wave equation yield Bloch or Floquet modes 
which are the product of a plane wave of wavevector k and a periodic function , U say, 
characteristic of the periodic refractive index structure. Any energy flowing within the 
crystal structure is, of course, being scattered amongst regions of differing refractive 
index; the Bloch modes occur due to the coherent nature of the scattering in the 
periodic medium. 
For a 2D crystal structure taken as invariant in the z-direction (Fig. 3.2(b )), the field 
solutions can be expressed as 
where, r11 is the projection of r onto the (x-y) planel41. It is possible to plot the 
dispersion diagram for all valid solutions of the time independent wave-equation, 
(3.2) 
and valid solutions can be fou nd by various techniques for instance the fully vectorial 
plane wave method in which valid OJ are the eigenvalues found for each value of k. 
lii- Photonic crystal fibres 45 
However it is worth noting that, to date, none of the range of techniques that are 
available can claim superiority in all cases l31 . 
There are ranges of values of OJ in the dispersion space that are found to have no valid 
modal solutions for all non-degenerate values of ku. ** l4l These are photonic band 
gaps.[] Fig. 3.3 shows a schematic example for a z invariant crystal for one particular 
value of kz. The black lines are valid values of OJ at each ku. Regions (a) and (d) are 
complete photonic band gaps since they exist for all non-degenerate ku, whereas (b) 
and (c) are partial band gaps. Complete band gaps are used to guide light of arbitrary 
kll in fibres and crystal waveguides. 
a 
b 
c 
d 
~I 
Figure 3.3 -A schematic dispersion diagram for a z invariant photonic crystal. 
(a) and (d) are complete photonic band gaps because the gap exists for all non-
degenerate ku. with incomplete (b) and (c). 
Looking at Fig. 3 a little more closely, the 2D waveguide under analysis is invariant in 
z and attention is then restricted to kn. i.e. the (x-y) plane. However, since Equations 
•• Fig. 3.3 is a schematic example of a dispersion diagram for a hexagonal symmetry photonic crystal. 
The ordinate is in units of angular frequency, wand the abscissa is a subset of all possible wavevectors 
sufficient to describe the complete set of all possible wavevectors. A larger initial subset is defined 
using degeneracy arguments ink due to the periodic nature of the crystal. For example Jk,J and (Jk,J + 2n 
7Tia) are identical Bloch solutions for a Bragg stack (a ld photonic crystal) infinite in (x-y) but periodic 
in z with spacing a, for instance. Symmetry and translational arguments in k-space reduce the subset 
further with the final subset defined using only the boundary of the subset ink-space. This is known as 
the irreducible Brillouin zone. The detai ls can be found in reference [4]. 
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3.1 and 3.2 are fully vectorial and the components of Hare coupled by Eq. 3.2 for kz 
* 0, then a change in any component of k, including kz will effect the resulting allowed 
values of OJ for all non-degenerate k11. Hence as kz changes, the dispersion relation OJ 
against k11 in the (x-y) plane also changes and hence so do the extents of the band gaps. 
(One can think of many different plots similar to Fig. 3.3, one for each value of kz). 
Indeed new band gaps can be opened up by varying the kz component of k and hence it 
is possible to plot the extents of any existing band gaps as a function of kz only. An 
example of this is shown in Fig. 3.4. 
3.3.2 The wave guiding mechanism of PBG fibres. 
For some core geometries a defect mode can exist whose dispersion curve falls within 
the PBG of the cladding, over some range of kz, although it should be noted that the 
PBG's themselves are a property of the cladding only[31 . That is, with or without the 
core, the PBG's will exist within the cladding. In other words, the core allows the 
defect mode to exist at some OJ, for a given kz, but no cladding mode can exist at this 
value (it is within a cladding band gap after all) and so the defect mode is confined to 
the core region by the cladding in the (x-y) plane of the fibre. But it has a non-zero 
value of kz and so the energy is guided along the fibre. 
The choice of ordinate in Fig. 3.4 requires comment. The modal (or effective) index is 
often used because it allows material refractive indices and modal indices to be plotted 
on the same axes. It is derived from the sinusoidal nature of the mode in z, see Eq. 
(3.1), and is given by neff= k/k = kzc!OJ. In traditional fibre theory kz is often labelled 
as fl. [21. 
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Figure 3.4 - A schematic example plot of f3/k against f3 for a typical air core 
photonic band gap guiding (PBG) fibre. The PBG surrounding the dispersion 
curve for a defect mode (continuous line) is below the air line, showing that the 
fibre supports a guided mode trapped in the air core by a photonic band gap of 
the cladding structure. Note that k/k = k,c!w. 
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It is possible for cladding PBG's to exist below the air-line. i.e. below values of k/k = 
1.0 and hence if the core is manufactured as an air gap with a defect mode within one 
of the sub airline PBG's then a mode guided in air can exist. 
It is useful to assign an effective refractive index to the infinite crystal structure. This 
can be done for any crystal structure and hence is applicable to either PBG or index 
guiding fibres. 
The lowest frequency mode supported within the (infinite and coreless) cladding 
structure occurs at k11 = 0 (i.e. the plane wave component of Eq. (3.1) travelling only in 
the z direction) and is known as the fundamental space filling mode (FSM)[71 . The ratio 
k/k at ku =0 is taken as the 'average' refractive index of the cladding structure. Notice 
from Fig. 3.4 that since the cladding curve is based on the lowest possible frequency 
mode then no PBG's can exist above this line. Furthermore, since for PBG guidance 
the modal index of the defect mode must also be less than that of the cladding then the 
PBG fibres are characterised by a core that has a lower refractive index than that of the 
cladding. 
Since the defect mode falls within a PBG of the cladding structure we would expect, 
and find, that the mode field distribution is relatively well confined to the core region, 
although some energy does reside in the cladding. This might seem to be at odds with 
the fact that the cladding PBG is supposed to reject the light completely. The solution 
to this apparent quandary lies in the solution to the ensemble light scattering problem 
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whereby the scattered wavelets sum to zero deep within the cladding itself but with 
partially incomplete summation to not quite zero in the vicinity of the cladding/core 
boundary. In more mathematical terms the transverse part of the propagation constant 
ku in Eq. (3.1) becomes complex and the field falls off exponentially with distance 
within the photonic structure, from the air/photonic structure boundary [41 . 
3.3.3 Characteristics of PBG fibres. 
Most commercially available PBG fibres are air guiding due to their low losses 
(transmission in air) and high power handling capabilities. The core sizes typically 
range from 4~m to 14~m for 400nm and 1550nm PBG's respectively and are therefore 
of similar general size as traditional step index single-mode fibres. Typically 90% of 
the guided light is in the air core so very high power lasers may still cause burning in 
the core/cladding boundary which is possibly an issue for laser pump light transport 
from observatory floor to launch telescope in laser guide star applications. Fig. 3.4 is 
somewhat typical of PBG fibres in general and so PBG guidance is characterised by 
narrowband performance, at least by astronomical standards. Typically low loss 
(<20db/km) guidance occurs over a few lO's of om, although some commercially 
available fibres will transmit at <30db/km over 200nm. (e.g the Crystal Fibre NS HC-
1550-02). 
3.4 Index guiding fibres 
3.4.1 General principles 
Index guiding fibres are characterised by an average refractive index of the core region 
higher than that of the cladding. By far the most common type of PCF is the large 
mode area or LMA fibre the cross section and mode of which is shown in Fig. 5(a,b). 
The guiding mechanism of these types of fibres is best understood at the level of the 
refractive index and Fig. 5(c) shows the refractive index of the core and effective 
index of the cladding of a typical LMA fibre. 
All guided modes in a traditional step index fibre must satisfy relationship Eq. (2.6) 
and the higher core refractive index forces at least one index guided mode to appear 
between the core and cladding refractive indices. The cladding is seen to behave as a 
Ill- Photonic crystal fibres 49 
region of homogeneous material with lower refractive index than the core [SJ and index 
guiding fibres are thus characterised by a core refractive index higher than that of the 
cladding. 
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Figure 3.5 - (a) Cross section of an LMA fibre - Crystal Fibre AIS, (b) The 
geometric Layout and mode field distribution, (c) Modal indices of the LMA 
fundamental core mode and fundamental space filling (cladding) mode as 
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indices of a step index fibre are shown (without material dispersion) for 
comparison. (d) The variation of numerical aperture /n 2 (A.)-n 2 (A.Jfor the 
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The V value may be defined for an LMA fibre in much the same manner as a step 
index fibre with 
(2.7) 
(3.3) 
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In the step index case for a given core radius a and numerical aperture 
NA =~~~;are -n;taddins , then Vsrep is proportional to 1/A. Any increase in a for the sam~ A 
will increase the number of modes that can, in some sense, fit within a and so as the 
value of V increases so the number of modes supported increases. In the lower limit, a 
single-mode cut-off at Vsrep = 2.405 exists below which only the fibre fundamental 
mode can propagate. 
In the LMA case ncore and nc/adding are computed from the fundamental mode of the 
fibre core and the fundamental space filling mode of the crystal structure and are 
plotted in Fig. 3.4(c). The variation in the difference between ncore and ncladding causes 
Vto become asymptotic (a.s A varies) to a value that is a function of d/A [?J. 
It is found that for fibres with dl A < 0.41 the V value becomes asymptotic to VLMA = Jr 
[fiJ which is the single-mode cut-off for LMA fibres and so the fibre V value can never 
increase above the single-mode cut-off and the fibre becomes endlessly single-moded 
for all wavelengths. 
Since coupling analysis into fibre modes depends solely on the mode field distribution 
a comparison of how step index and LMA fundamental transverse mode field 
distributions vary with wavelength of the guided light will lead on naturally to a 
discussion of how the properties of LMA fibres might be used to advantage in 
astronomy. 
3.4.2 - Endlessly single-mode behaviour 
The core and cladding indices of both step and LMA fibre types can be thought of as 
forming a potential well of height, NA and with width the same as the fibre core 
diameter. Figure 3.6. 
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Constant NA(A.) and a 
means that (0 is a non 
constant function of 1/1. 
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Figure 3.6- The core/cladding indices can be thought of as potential wells with 
a width the same size as the fibre core within which the energy of the mode 
must reside 
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The fundamental mode field distribution can be approximated as Gaussian for both the 
step index, [IOJ and LMA fibres tt and it can be shown that 
(J) = J(V) = J(a,A,ncore ,nc/adding) (3.6) 
where mis the 1/e radius of the electric field [11 •121 • 
In the step index case, the numerical aperture is constant with wavelength see Eq. (2.7) 
& Fig. 3.5(c) and for a constant core diameter m changes (in a highly non linear 
manner) with wavelength. However, in the LMA PCF case, NA( A) scales nearly 
linearly with wavelength, Fig. 3.5(d), over a wide waveband. Hence V remains almost 
constant over this intervaL This occurs at all A such that AlA > 3 and the smallest 
commercially available A (Crystal Fibre NS, LMA-8) is 5.6J.Lm which is capable of 
low loss transmission up to about 1700nm and so an LMA fibre has a constant mode 
size, with negligible dependence on wavelength. 
tt The LMA fibre mode is best approximated by a central Gaussian of lie width m = 1J2 from which 
are subtracted satellite Gaussians each of lie width d/2 centred on the inner ring of holes. 1131 • However, 
approximation by the central Gaussian only is valid since it is the dominant component of the mode 
field distribution 1141 • 
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The useable single-mode spectrum of step index fibres is generally rather limited, in 
the low wavelength limit by the appearance of higher order modes and in the high 
wavelength limit by bend loss [ISJ. The bend loss manifests itself due to the larger 
fraction of energy transported within the cladding of the step index fibre at long 
wavelengths. For a given bend radius, at some radial distance from the fibre axis Or, 
Fig. 3.7, the mode field distribution tries to become superluminal and as Rb increases 
so Or must increase for the same loss at constant A. 
Practically, of course, this means that the spherical wavelets scattered from the atomic 
centres that make up the cladding material no longer superpose to create a coherent 
wavefront (the mode) and the light is radiated in all directions and is therefore lost to 
the guided mode. 
As the wavelength increases, more and more energy in the Gaussian mode is 
transported in the cladding (m increases wrt to a). Hence, for the same Or (8r1=0r2) 
and Rb, more energy is lost at higher J as can be seen by comparing the shaded regions 
on the left and right hand sides of Fig. 3. 7. 
Figure 3. 7 - The wavelength dependency of bend loss in optical fibre. Higher 
modal energy in the cladding implies higher bend losses for the same bend 
radius, Rb. 
In any practical sense an optical fibre will have some bending along its length, even if 
of a very large radius Rb, but at long wavelengths even the very largest Rb can cause 
bend losses of the order of 103 db/km, high enough to effectively make the fibre 
opaque. 
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In the case of a PCF the increasing difference between core and cladding at higher 
wavelengths causes the mode to be rather better confined than for its step index 
counterpart and although a long wavelength bend loss limit does exist, it is generally 
at wavelengths at which the base material (typically fused silica) is no longer 
transparent. 
The LMA, as noted, is endlessly single-moded and hence its attenuation spectrum is 
very broad in comparison to step index alternatives. Fig. 3.8(a) shows the measured 
single-mode attenuation spectrum of the LMA-8 fibre, (courtesy of Crystal Fibre A/S) 
and a comparison of this spectral range with typical commercially available step index 
fibres is shown in Fig. 3.8(b). The LMA-8 is capable, in principle, of replacing three 
or possibly four step index alternatives on this criteria alone. 
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Figure 3.8 - (a) Attenuation spectrum (pass band) of an LMA fibre - Crystal 
Fibre AIS, (b) the useable pass bands of an LMA-8 in comparison to various 
step index single-mode fibres. 
Despite its endlessly single-mode behaviour, from Fig. 3.8(a), the LMA does have a 
lower limit in its attenuation spectrum. This is a feature of only LMA type fibres and 
is also associated with bend loss[31. 
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The relationship between the location of the bend loss edge, the characteristic size of 
the LMA fibre, A, and the transported wavelength, A, is not simple but good a 
numerical fit of bend loss attenuation as a function of VLMA and of VLMA itself, in terms 
of easily specified fibre parameters and the wavelength of the light [161 , can used to 
estimate the bend loss edge in the attenuation spectrum. See Fig. 3.9. 
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The figure shows the lower bend loss edges for the LMA-S at Rb = 4cm, Scm and the 
LMA-20 fibre at Rb =Scm all over a lOrn length of fibre. The plot shows the dynamic 
position of the bend loss edge with changing Rb and this must be considered when 
designing the fibre run. For instance the LMA-S can tolerate a value Rb of 4cm or so 
with negligible bend loss at any Rb > 4cm at wavelengths lower than 350nm. On the 
other hand, the LMA-20, which has a characteristic size of A = 13.21-lm requires a 
minimum Rb of Scm for negligible losses at >650nm and it is this lower bend loss edge 
and its dynamic nature that forces a maximum core size on the LMA fibre for a given 
required waveband. 
The core size of a step index fibre is typically rather small. This is due to the fact that 
the core/cladding refractive index difference is kept as small as possible to reduce 
scattering (and therefore losses) within the cladding. Therefore the core must be kept 
rather small in order for V < 2.405 for some given wavelength. In the mid NIR, 
l550nm fibres have a typical diameter of lO!lm, but since the mode size scales with A 
then this reduces to 2-31-lm in the lower VIS (measured to the 1/e point). As already 
noted the smallest available LMA fibre (Crystal Fibre NS, LMA-S) has a 
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characteristic size, A = 5.6Jlm which means a core diameter of 2m= 2A I J2 = 7.9lf!m, 
somewhat larger than the step index alternative in the same waveband. 
However, the lower bend-loss edge prevents the use of larger core fibres for shorter 
wavelengths for instance we have already noted that the LMA-20 with its l9J.tm core 
size is not really a satisfactory replacement for the LMA-8 unless the fibre is kept m a 
straight and stable configuration. 
3.4.3 - Characteristics of index guiding (single-mode) fibres. 
In summary, whilst step index single-mode fibres are characterised by a very small 
mode field size which scales in a non-linear manner with wavelength and a very 
limited attenuation spectrum, LMA PCF's exhibit a wavelength independent core size 
typically 2-3 times larger than the step index alternative at the same wavelength (for 
negligible dynamic bend losses) and a much broader attenuation spectrum with this 
fact alone making theLMA fibre much more attractive to astronomy. 
3.5 The coupling integral revisited 
The application of the coupling integral, as derived in Chapter 2, to photonic crystal 
fibres requires comment. As noted in the previous chapter, the modes of the fibre are 
either radiative or bound. However, near to cut-off, but U ~ V, the radiative field, the 
sum over all radiative modes, can be shown to closely approximate that of the bound 
mode but with some energy flow in the transverse direction l21 . Such 'lossy' modes, as 
they are known can be described using a complex propagation constant such that, 
em (X, y )ei( Pz-wt) =em (X, Y )e -1m( f3 )z ei(Re( f3 )z-wt) (3.7) 
Hence for Im(,B)>O, the propagating field is attenuated exponentially with distance; a 
lossy mode, whereas, if lm(,B)=O, the propagation constant is real and the mode 
propagates without attenuation along z. This loss is in addition to material absorption 
or scattering loss. 
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For LMA fibres of an arbitrary but finite number of rings of holes about the fibre core 
(defect), Nr, the rather curious situation arises in that there are no completely bound 
modes. Each 'guided' mode can to some degree propagate energy in the transverse 
direction and hence all modes of LMA fibres are lossy and are thus characterised by a 
complex propagation constant, /3.[ 151 • The magnitude of the transverse power loss can 
be shown to reduce exponentially with NP 81 for fixed k0A. (k0, the free space 
wavelength). 
Using the CUDOS package[ 191 , which is based on the multipole method [171 , Figure 
3.10, shows the magnitude of the imaginary part of ,f3. 
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Figure 3.10- lm(fJ) as a function of the number of rings holes surrounding the 
core for an LMA-8 type fibre. 
Since Re(/3) - 1.45 in all cases shown and most commercially available fibres have 7 
or more rings of holes f3 can be reasonably taken as completely real. Thence, bound 
mode power does not, approximately, travel in the transverse direction and Eq. (2.29) 
can be applied. Further, Ferrando et al[201 show that even for refractive index profiles 
requiring a fully vectorial analysis the modal orthogonality relation, Eq.(2.24) still 
holds. Finally, Mortensen and Dabirian [211 have shown that the loss due to the back 
reflection at the fibre end face for most commercially available LMA type fibres can 
be modelled as a planar Fresnel loss and finally, therefore, the coupling integral, 
Eq.(2.29) can also be applied to well bound LMA fibres. 
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3.6 Summary 
This chapter has introduced the new breed of photonic crystal fibres and their 
properties, most relevant to astronomy, by comparison to the more traditional step 
index fibre. We have concentrated on single-mode fibres since, as chapters 4 and 5 
will show, theLMA fibre provides significant performance advantages in fibre stellar 
interferometry. 
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Chapter4 
Coupling starlight into PCF's- I 
Direct feed 
4.1 Introduction 
Single-mode fibres are used in stellar interferometry as a means of convenient, 
coherent transport of starlight between multiple apertures. 
A fibre stellar interferometer produces an interferogram as depicted in Fig 4.1. The 
optical path difference (OPD) is altered and the intensity at the output measured. At 
zero OPD the visibility of the fringes is measured. The visibility of the fringe is 
numerically equal to the magnitude of the complex degree of (spatial) coherence, y, of 
the two apertures, A and B, i.e. 
(4.1) 
where the bold type signifies the complex form of y. The zero value denotes the fact 
that the spatial degree of coherence of apertures A and B is being measured at the 
same point in time - hence the need for significant path length compensation. 
The phase of yis associated with the offset of the fringe pattern from the zero point. In 
its simplest form the analysis is based on the van-Cittert Zernike theorem which states 
that the complex visibility (i.e. magnitude and phase) is numerically equal to the 
Fourier component of the image intensity on the baseline of the two telescope 
apertures. The measured visibility is then used to infer information about the object -
e.g. the separation of a double star system, or the diameter of a single star. Discussion 
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of imaging 'phase closure' techniques and recording inteferograms with multiple 
baselines [tJ is well outside the scope of this chapter. 
Typically the telescope PSF is fed directly into the fibre, as shown in the diagram, and 
since only a single electromagnetic mode can exist within the fibre and interferometric 
recombination occurs at the fibre output, the object image is spatially filtered and 
atmospheric degradation of the wavefront is reduced to an intensity variation in 
coupling into the fibre. The two photometric outputs, P1 and P2 and the interferometric 
output I can all be monitored in real time and the interferogram can be corrected in 
post processing. Examples of such instruments are FLUOR on the McMath solar 
tower on Kitt peak, VINCI on the VLTI at Cerro Paranal in northern Chile and, most 
ambitiously of all, the OHANA array connecting, Keck I, Keck II, Subaru, Gemini 
(North!), CFHT, IRTF and UKIRT. Also, an excellent treatment of this type of 
instrument is given by du Foresta l2l, one of the pioneers in the field. 
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Figure 4.1 -Interferometric recombination using single-mode fibres. 
A note on the form of the interferogram. The two telescopes form a Young's slit pair 
and changing the OPD is akin to sampling different points of the characteristic 
diffraction pattern of fine fringe detail due to the slit spacing and modulating envelope 
due to the slit width. The visibility of fringes falls off with increasing OPD due to the 
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form of the modulating envelope and reduced temporal coherence due to the 
(inevitable) finite bandwidth. 
As discussed in the previous chapter, step index fibres are characterised by a generally 
rather limited pass band [)J and very small core size, especially in the visible part of the 
spectrum. As Peryllioux notes [41 , this makes alignment to the multiple step indes 
fibres required for various target pass bands quite challenging. The broadband, 
endlessly single moded behaviour of LMA fibre with its larger core size is, thus, of 
obvious interest to fibre stellar interferometry. 
In this chapter we investigate the coupling efficiency of the PSF's of an obscured 
circular aperture and un-obscured square and hexagonal apertures under conditions of 
ideal seeing (section 4.2) and the atmospherically aberrated PSF of an obscured 
telescope pupil (section 4.3) into LMA type fibres of arbitrary characteristic scale, A. 
In section 4.4 a new coupling scheme is proposed based on deliberate defocusing of 
the telescope PSF at the fibre end face. 
4.2 Coupling light in ideal seeing conditions 
In this section we investigate the coupling efficiency into the LMA fibre under 
conditions of ideal seeing. This means that no aberrations are present in the plane 
wavefront at the telescope entrance pupil and this is done since it represents the best 
possible coupling efficiency. 
We turn to the coupling integral Eq. (2.29) to compute the coupling efficiency of fields 
incident at the fibre end face from the telescope. Previous treatments[5•61 for step index 
fibres have allowed the Gaussian mode of the step index fibre to propagate to the 
telescope exit pupil and the coupling computed there for convenience. However, no 
simple Fourier transform relationship exists between the near and far fields of LMA 
photonic crystal fibres [?J therefore the coupling is computed, using Eq 2.29, at the 
end-face of the fibre. The integrations were performed numerically using a simple 
midpoint routine which yielded the most stable and accurate solutions, matching 
analytical results to within +/-1 %. The mode fields were calculated using the multipole 
method [8'9' 101 • The incident fields for the cases of annular, square and hexagonal 
apertures, respectively are found to be, 
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(4.1) 
. (JillX) . (Jiny) Sln -- Sln --).,FT ).,FT 
Es( x, y) = (JillX) - (Jiny) 
).,FT AFT 
(4.2) 
{ J3x [ ( Jr y-J3x) ( Jr 2y J]} x J3x+ y cos AFT l+Ji -cos AFT l+Ji 
(4.3) 
which can be recognised as the analytical results of taking the Fourier transformation 
of the aperture at the telescope/lenslet pupil to yield the field in the end-face of the 
fibre, Ei, when illuminated with an atmospherically unabberated plane wave at normal 
incidence. See section 5.2 for further details. r = (x,y) in the plane of the fibre end face, 
and r = lrl. For off axis sources replace x andy with (x-&) and (y-~). FT is the feed 
focal ratio into the plane of Ei defined in terms of the diameter for the circular 
aperture, across the diagonal of the square aperture and between opposing vertices (i.e 
the longest internal distance) of the hexagon. k is the local wavenumber magnitude 
between aperture and fibre and c is the obscuration of the telescope exit pupil, such 
that c E [0.0, 1.0]. Constant phase and amplitude terms[IIJ in Ec.s.h cancel in Eq (2.29) 
whereas the quadratic phase curvature term is negligible even over the largest of LMA 
fibre cores. All three terms are thus omitted from Eqs. (4.1-3) 
The fundamental mode of theLMA fibre does scale very slightly with wavelength and 
is also a polarisation doublet[ 121 • Since the photonic structure has a six-fold symmetry 
the boundary conditions at the silica/air-hole interfaces cause the field distributions of 
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the doublet to exhibit slight differences, however, the changes in coupling due to this 
and the wavelength scaling are of the order of <10-4 for all commercially available 
fibres, with A>5J.Lm and hence are ignored. 
4.2.1 On-axis coupling in ideal seeing 
In this section we investigate the coupling efficiency of an on-axis source into an 
LMA fibre so that the telescope/lenslet PSF is centred on the fibre axis. 
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Figure 4.2 (a) The coupling efficiency of the fibre for circular, square and 
hexagonal lenslets. The continuous curves are the analytical results and the 
numerically calculated values shown as the data-points.[See text] Curves are 
shown for Aopt = 400 nm, 600 nm, 925 nm,/450 nm and 2000 nm. See text for 
further details. (b) The peak coupling efficiency of the obscured pupil as a function 
of obscuration, t:. 
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The data-points in Fig.4.2(a) are of the spectral response of an LMA fibre to the 
obscured PSF, given by Eq.(4.1). Peak coupling, for theLMA fibre occurs only at one 
optimum wavelength, Aopt. when the central lobe of the PSF and the mode of the fibre 
are best matched in distribution. The coupling decreases for IL t= Avpr due to the 
dependency of the size of the Airy pattern on 1L and FT compared to the essentially 
achromatic size of the LMA fibre mode. A flatter response can be made by using a 
step index fibre with its A.-dependent mode field size, see for instance the ideal seeing 
curve in Fig.4.6(b ), but as noted in the introduction its attenuation spectrum is, 
generally, severely limited by comparison to theLMA case[31 • 
The relationship between Aopt. FT and A, the characteristic scale of the fibre used is 
given by the fit, 
with 
{
0.791lxexp(0.6187x£1600 ) 
q = 0.5964 
1.2174 
Annulus 
Hexagon 
Square 
(4.4a) 
(4.4b) 
where the obscuration, £ is fitted in the range from 0.0 to 0.6. Taking the useable pass-
band to be 400-1800nm and A = 6.0~m and I 0.5~m of the Crystal Fibre NS LMA-9-
PM and LMA-16-PM fibres, respectively, the values of FT in Eq. (4.4) range between 
-2.6 and -21. 
The mode field of the LMA can be approximated as a Gaussian out to the -l/e2 
point[131 . Shaklan and Roddier[41 have shown that the flux coupled into a single 
Gaussian mode in the image plane of an atmospherically unaberrated, perfect 
telescope can be computed exactly using Eq.(4.5), with the extension to arbitrary 
telescope obscuration, as given by Guyon[ 141. 
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(4.5) 
where lir is the offset of the telescope PSF with respect to the fibre axis in the image 
plane of the telescope. /0 is the modified Bessel funcion of the first kind. OJ is the 1 /e 
width of the Gaussian mode field and Eq.(4.5) can be shown to be maximised for 
(4.6) 
The continuous curves in Fig.4.4(a) are a result of the substitution of 
OJ= (0.5645A)exp(0.6187x 1!1600 ) from Eq. (4.4), where 0.5645 = 0.7911/1.4014, into 
Eq.(4.6) showing good agreement with the numerically computed data-points of the 
LMA case. This extends to the e > 0 case where the two curves labelled A are the 
numerically computed (data-points, Eq.(1),(4)) and analytical results (continuous 
curve, Eq.(8)) for the 25 per cent obscured pupil case, whereas panel (b) shows the 
maximum on axis coupling efficiency as a function of obscuration, e. 
Retaining the convention of numerically computed data-points and continuous curves 
computed using Eq. (4.5) in Fig.4, the bold curves marked Bin panel (a) show that Eq. 
( 4.5) can also be used to approximate the on-axis coupling efficiency of the hexagonal 
and square apertures. This can be understood on the basis that the coupling between 
the PSF and the mode of the fibre is dominated by the central lobe of the PSF which is 
similar enough in distribution to the circular case for Eq. (4.5) to provide a good 
approximation and so the spectral response is essentially the same as the annular 
aperture, except the small changes in peak coupling efficiencies which are -82 per 
cent for the annular and hexagonal apertures and 80 per cent for the square aperture, 
subject also to the Fresnel loss. Section 2.4.1. 
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4.2.2 Off-axis coupling in ideal seeing 
The fie ld of view (FOV) of a single-mode fibre is less well defined than for multi-
mode fibres for whom the geometrical ray model is applicable. As the angle of 
incidence of the source plane wave increases in the telescope entrance pupil the 
resulting PSF moves off the telescope axis and with the fibre and telescope axes co-
aligned, the coupling efficiency reduces in value. 
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Figure 4.3 - A plot of the coupling efficiency as the PSF moves off the LMA 
fibre axis for various input wavelengths. The abscissa is in units of the 
characteristic width of the fibre, A, with the inset plot of c = 0.25 and c = 0.40 
obscured annular pupils but with an abscissa in units of Rayleigh length 
(/.22FT).) and normalised ordinate. The continuous curves shown represent the 
analytical result of Eq.(4.5) whereas the data-points are shown for the 
numerically computed cases of the circular, hexagonal and square PSF's 
moving over the PCF structure in directions (I) and (2) as shown in panel (b) 
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The single-mode field of view is thus defined by the input angle at telescope aperture 
at which the minimum acceptable coupling efficiency occurs. (Note that for non-zero 
input angles the incoming plane wave sees the telescope aperture as an ellipse, 
however, the range of input angles in astronomy is generally so small that any changes 
in the form of the PSF due this effect are generally ignored i.e. the aperture is assumed 
to be always circular) 
Figure 4.3 is a plot of the field of view of the LMA fibre for the annular aperture, the 
square and hexagonal lenslets at rotations of 0, 15 and 30 degrees with respect to the 
photonic crystal structure. Numerical results are shown as data-points with analytical 
results shown as continuous curves. The Rayliegh length is defined as the distance 
1.22 FrA is the image plane. This is a highly convenient length scale, used throughout 
the thesis and should not be confused with the beam length in laser physics [ISJ. 
The rotation(s) of the square and hexagonal apertures with respect to the LMA mode 
field cause changes in Pmax of <0.3 per cent and so from this and the excellent 
correlation between square, hexagonal and circular, analytical and numerical results 
for both directions (I) and (2) at all input angles and wavelengths it would seem that 
the aperture shape and its orientation with respect to the highly non-azimuthally 
symmetric LMA mode, seems to have a minimal effect on the FOV. Further, as long 
as the correct substitution, from Eq.(4.4) is made, Eq.(4.5) seems to provide good 
quantitative results to within two to three percent for even the square and hexagonal 
apertures. 
As Guyon[ 141 shows, the angular FOV for the coupling of an atmospherically 
unaberrated Airy pattern, from a telescope of primary diameter Dr into a step index 
fibre can be taken as approximately AopiDrand from the inset in Fig.(4.3a), the 0.5pnuzx 
point is at 2 x 0.45 x 1.22 x A'OpiDr""' AopiDr and hence this approximation can be used 
for the LMA case, fed with square and hexagonal lenslets, even over the very large 
400nm-1800 nm waveband. 
Notice that the FOV cannot be increased by choosing a larger A. Larger A implies 
smaller Fr for the same maximal coupling [see Eqs.(4.4)] and the linear trade off in 
one for the other ensures that the FOV at the telescope remains the same. 
IV - Coupling starlight into PCF's directly 69 
4.3 Coupling light with natural seeing 
We now consider the case of PSF's aberrated by atmospheric turbulence. Several 
series of PSF's were generated using a Monte Carlo simulation and for each one the 
coupling integral was evaluated. For each PSF, the atmosphere was simulated as a 
randomly generated Kolmogorov phase screen [l SJ and the PSF was constructed using 
the far field approximation (by taking an FFf of the complex field in the telescope 
pupil). Perfect tip/tilt correction of the pupil phase was assumed, and the intensity in 
the telescope pupil was assumed to be uniform i.e. scintillation effects were not 
included. 
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I have computed the expected theoretical maximum coupling efficiency into LMA and 
step index fibres (of numerical aperture, e = 0.13), for various values of Dy/r0, where 
DT is the telescope exit aperture diameter and r0 the Fried parameter[ 151 of the 
atmosphere. One thousand aberrated PSF's were computed per data point to yield a 
mean, (p) and standard deviation, ap, coupling value. 
LMA fibres are available in polarisation-maintaining (PM) form but with an almost 
identical mode field distribution to the non-PM fibres and this represents a significant 
advantage since the mode field distribution of step index PM fibres is typically non-
rotationally symmetric, yielding a lower overall coupling from a circularly symmetric 
telescope. This analysis assumes a circular, non-PM step index fibre since this 
represents best case and some degree of PM performance can be induced in step index 
fibres using PM control techniques[ 161 . 
Figure 4.4(a) shows the coupling efficiency against wavelength for the LMA fibre for 
various Dy/r0 with Fig 4.4(b) the same plot for the step index single-mode fibre for 
A.!Acut-o.ff·E [1.0, 1.8]. Dr/ro is specified at /LIA.'Cut-o.ff= 1.2 in the step index case and at 
/LI/Lopr= 1.0 in theLMA case. Note that the coupling response of the step index fibre is 
rather flatter than that of theLMA case. As we shall see this is due to the relative sizes 
of the passbands of the two fibre types and the relative scaling of the fibre-mode and 
incident telescope PSF with wavelength. 
In order to properly compare the two fibre types the coupling responses must be 
plotted on the same axes as in Fig 4.5 for the case of a single step index and single 
LMA fibre and Fig 4.6 for the case of a single LMA fibre and multiple step index 
fibres. AA is the wavelength at which the atmospheric turbulence, Dr/ro, is specified 
and /LA I Acw-o.ff is taken as 1.2 since many step index fibres have pass bands that are 
limited to 1.05 to 1.35 /L I Acm-o.ff· 
In order for the coupling responses to be plotted on the same axes, the peak step index 
fibre coupling wavelength, set using Eq. 4.6, was also set to /LIA.cw-o.ff = 1.2. Then 
three different Aopt values, set using Eq.4.4(a), of Aop,ri.Ac.·ur-o.ff= 0.8 AAIAcut-(.ift: Aop,r1Acut-o.ff 
= 1.0 AAIAcut-c!ffand Ao11r1Acut-off= 1.2 AAIAcut-c~tf are shown in Fig 4.5 panels (a), (b) and 
(c) respectively. 
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The Aopr I Acut-off = 1.0 AA I Acur-off and Aopr I Acur-off = 1.2 AA I Acut-off cases are seen to be 
optimised in the ranges 1.10 to 1.30 AIAcut-tff and 1.30 to 1.60 AIAcur-off• respectively, 
but the Aopr I Acur-oJf = 0. 8 AA I 1!.:-ur-off case is a non optimal replacement for the step index 
fibre at any AIAcur-off 2:: 1.0, for any of the plotted Dy/r0 . Most commercially available 
step index fibres operate within the 1.05 to 1.35 A-lA-cur-off range, however some fibres, 
particularly some that operate in the NIR, have pass-bands in the range 1.00 to 
> 1.80 AIAcur-oJf· Therefore for the more restricted bandwidth step index fibre, 
Aopr IAcut-off = 1.0 AA I A-cur-off yields, generally, the most efficient coupling m any 
atmosphere, but for the broader range fibres, Aopr I Acut-oJf = 1.2 AA I Acut-off· should be 
used. 
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IV- Coupling starlight into PCF's directly 73 
Note that whilst LMA fibre performance between 1.05 and 1.35 AIAc·ut-off' is very 
similar to that of the step index alternative, the LMA fibre is a less desirable 
replacement for the broadband step index fibre in good seeing, although for D-r/ro ~ 2 
and Aopt = 1.2 AA the LMA and step index characteristics are well matched over the 
entire 1.00 to 1.80 AIAcut-off range. 
Figure 4.6(a) and 4.6(b) show how the coupling into a single LMA fibre compares 
with multiple step index fibres with useable passbands (a) 1.00 to 1.80 A.IA.cut-off and 
(b) 1.05 to 1.35 A.IA.cut-off, respectively. The pass-bands of the individual step index 
fibres, fn are stacked sequentially in A. on the x-axes of Fig 4.6, without gaps, using 
(4.7) 
for fibre fn, where p & q are 1.80 & 1.00 and 1.35 & 1.05 for cases (a) and (b) 
respectively. The DT/r0 values in the figure are specified at the AA point of thef0 fibre 
which again is specified at the point AA I Acut-ofl = 1.2. 
In panel (a) theLMA fibre is optimised over the fo step index fibre at A.,wiAcut-off = 1.2 
AA I AcuHff as in Fig 4.5( c) in order to try to maximise the LMA coupling with respect 
to the fo step index coupling over the largest possible waveband and shows that since 
the LMA is not a good replacement for a single broadband step index fibre for D-r/ro < 
2 then its ability to replace many such fibres is equally poor. At D-r/ro ~ 2 the 
performance of theLMA and the f 1 step index fibre are approximately as inefficient as 
each other on the absolute coupling scale and so the LMA fibre can replace up to two 
step index fibres in this regime. 
For the 1.05 to 1.35 A.IA.cut-off fibre more typically associated with the VIS, as in Fig. 
3.8(b), the single LMA fibre with optimal A0p,11Acut-oJf= 1.0 AAIAcuHif.i'·can be seen to 
be capable of replacing three step index fibres with near identical performance at D-r/ro 
~ 2 over fibres fo, f1 and [2. For, fibre f+I the D-r/ro ~ 2 performance is better on the 
step index fibre and at D-r/ro < 2 the LMA and step index performance in fo is 
essentially identical but a drop in performance occurs for the LMA in f 1. However, 
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the generally reduced coupling in both of these cases might be acceptable on the basis 
of the single LMA fibre and its single set of fore-optics rather than the multiple 
instances of step index alternatives. Note also, that the mode field diameter (MFD) of, 
for instance the LMA-16 (Crystal Fibre NS), optimised for use at >650nm, is 151-tm, 
approximately three times the size of even the largest commercially available step 
index fibre in the same waveband and so lower instrumental losses may be associated 
with the LMA fibre. 
4.3.1 Fibrefeedfocal ratio 
The optimum feed focal ratio into the step index fibre was found to be f/4.3, regardless 
of Dr!ro or A for f9=0.13. (Similar to the f/5.1 ratio found by Shaklan and Roddier[4J 
for an f9=0.11 fibre). 
The feed focal ratio into the LMA fibre depends on the application. For instance, 
taking fibre j 0 , in figure 4.6(b) as the 780HP (Nufern) implies Aopr = 807nm. In an 
application with a minimum desired wavelength of say 400nm worst case, then the 
bend-loss characteristic[171 of the LMA fibre means that an LMA-8 (or polarisation 
maintaining equivalent) would be used, so from Eq. (4.4), with e=O, a feed focal ratio 
of ~ 5.7 would be required, with a slower input beam for E >0 (e.g. Fr =6.1 for 
e=0.25). However, if only a replacement for fibre fo is required then a minimum of 
780nm implies, again by the bend-loss characteristic of the LMA fibre, the use of an 
LMA-16 and this means Fr ~ 10.75. So LMA fibres have the advantage of slower 
fore-optics requirements than the step index alternative, although the slower beam 
does require a higher degree of tip-tilt correction. 
4.3.2 Coupling variations with atmosphere 
Figure 4.7 is a plot of the relative variation in efficiency, apf (p) at A= 1.2 AIAcur-off 
of f 0, f 2 and f+I from Fig 4.6(b ). The variance of fibre fo increases with respect to the 
mean up to Drlro = 8 where the resulting speckle pattern[151 has approximately equal 
mean and variance. The relative variance decreases with increasing A since r0 oc A 615 
[151 . These curves are plotted to highlight that the uncertainty at each wavelength is 
independent of the fibre type used even in the low Dr lro region of !2 where the 
coupling efficiencies of the step index and LMA fibres are not well matched. 
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Figure 4.8, shows that the field of view of the LMA fibre increases as the atmospheric 
degradation of the PSF increases. (The effect also occurs for the step index fibre, not 
shown). The inset is a normalised version of the main graph with the same abscissa 
shown to highlight the effect. The phenomenon occurs because as the amount of 
wavefront degradation increases the energy in the PSF spreads out in the image plane 
and the coupling of this 'wider' PSF is less sensitive to lateral offset with respect to the 
mode of the fibre. However, no real gain is made due to the significant decreases in 
coupling efficiency as the effect of the atmosphere increases. 
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IV- Coupling starlight into PCF's directly 76 
The value of Dr/ro is greatly increased for larger apertures and the coupling efficiency 
as a function of the number of corrected radial order (Zemike) modes is plotted in Fig 
4.9 for Drlro = 20 e.g. an 8m aperture in the mid NIR. The plot shows that at least 12 
radial orders of correction are required in order to achieve >50 per cent coupling 
efficiency and hence fibre interferometry is not suited to large aperture telescopes 
without significant correction. 
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Figure 4.9- Coupling efficiency at Aopr with corrected (Zernike) radial orders 
for Drfr0 = 20 
4.4 Defocused Airy results. 
In this section the coupling efficiency of the telescope PSF into the near Gaussian 
fundamental mode is investigate as a function of the axial position, z. Linfoot & Wolf 
[II,ISJ have derived an analytical solution to the scalar field in the vicinity of the focus. 
Specifically at± z about the focal plane of the lens, 
E1(x, y) = DJ,~J" (C(u, v)- iS(u, v)) (4.8) 
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where u = k0 (2Fr Y z and v = 2k0 Fr~x 2 + y 2 • Dis a constant and C and S are integral 
formulae for which Born and Wolf [Ill provide an approximate analytical solution. ko 
is the free space wavenumber and Fr the focal ratio of the telescope. 7 
Figure 4.10 shows what happens to the squared field as the position of the end face of 
the fibre is moved through and away from the focal plane. 
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Figure 4.10- PSF sections through their centres for (Black - at z = 0), (Cyan 
-at z = -25f.1m), (Blue - z = -50J.1m), A.= 600nm, A=5.6 (LMA-8). The x-axis is 
in pixels at an arbitrary physical scale. 
Notice particularly the near Gaussian appearance of the image in the plane parallel to 
the focal plane but at z = -50)lm. Figure 4.11 shows that the maximum theoretical 
coupling efficiency into an LMA fibre of an Airy pattern, 81 %, can be increased, 
under certain circumstances, to -98%. ( >99% maximum coupling into a step index 
fibre is not shown). 
7 Incidentally, Born & Wolf consider Eq.(4.8) important enough to place a plot of it on the cover of the 
7'h (expanded) edition of Principles of Optics. 
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From Eq.4.4 FTAopr = 0.7911A in the focal plane (Axial position = 0). From the pink 
region in Fig 4.1 1 the maximum coupling occurs for -f/4.5 but taking f/5.0 as a slower 
feed but with only an attendant 1/101h of a percent drop in coupling in comparison to 
the maximum means that the numerical constant in Eq.(4.4) must be reduced to, in this 
example, 0.7911 x (5.0000/7.3830) for the LMA-8 fibre at Aopt = 600nm. The optimal 
defocus distance in this case is 50~-tm = lO.OA. The wavelength coupling response is 
shown in Fig 4.12. Note the very high peak coupling value but the rapid fall-off in 
coupling for wavelengths about Aopr· 
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Figure 4.12 - The coupling efficiency against wavelength for an optimally 
defocused LMA-8fibrefed at Aopr = 600nm. 
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This analysis is taken no further here except to note that the increased speed of the 
telescope focal ratio required to match the de-focussed PSF with the LMA fibre still 
leaves its absolute value at >f/5. For larger fibres, A increases and therefore so does FT 
even in the de-focussed regime. However, as found in section 4.3.1, the optimal feed 
focal ratio into step index fibres is typically quite fast (f/4.3 for 6>=0.13 fibres) at focus 
and so implementing such a scheme is likely to be somewhat easier in the PCF case. 
4.5 Summary 
The coupling efficiency of LMA PCFs in stellar interferometry has been examined. 
Despite the highly non-azimuthally symmetric component of the LMA fibre mode 
distribution, the Shaklan-Roddier formula for the coupling of starlight from the image 
plane of an arbitrarily obscured telescope is shown to be approximately applicable 
even for the PSF of hexagonal and square lenslets. 
An atmospheric coupling comparison of LMA and step index fibres shows that an 
LMA fibre can be used either as a drop in replacement for single step index fibre 
whose passband is limited to A.!Ar_.ut-off < 1.35, with only marginal coupling losses by 
comparison or for multi fibre instruments as an excellent replacement for two fibres at 
Dr/ro < 2 or three at Dr/ro ~ 2. The LMA is capable of replacing two broadband step 
index fibres with approximately the same coupling performance but only at Dr/ro ~ 2. 
The LMA fibre is shown to require a slightly slower input focal ratio than the f/4.3 of 
the step index fibres of NA=0.13,when replacing multiple single-mode step index 
fibres, but on replacing a single step index fibre the input focal ratio to the LMA fibre 
can be more than twice (i.e. slower) that of the step index, representing a considerable 
decrease in cost and complexity of the feed fore-optics. 
Finally a deliberate defocus scheme was proposed and modelled and shown to increase 
the coupling efficiency to near unity for a 30% increase in the speed of the feeding 
optics in the diffraction limit. It was noted that the technique is rather better matched 
to the natural scales of LMA rather than step index fibres. 
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Chapter 5 
Coupling starlight into PCFs - II 
Field lens feed 
5.1 Introduction 
Since the mode of the LMA fibre is, to a good approximation wavelength independent 
in scale, the highly chromatic coupling of the Airy pattern into the LMA fibre mode 
was due to solely the chromatic scaling of the Airy pattern. (See Fig 4.2(a) for 
instance). However, a lenslet placed in the telescope image plane can be used to place 
an image of the exit pupil of the telescope on the fibre end face that also does not 
change scale with wavelength. 
In this chapter we determine the coupling characteristics of a large mode area (LMA) 
photonic crystal, single-mode fibre when fed with an on-axis field lens used to place 
an image of the telescope exit pupil at the fibre input. Since, we know from section 3.5 
that the coupling into the fibre is computed on an electromagnetic field basis, rather 
than the squared field, the optical model of the input field is presented in section 5.2. 
Section 5.3 then goes on to describe some of the basic characteristics of feeding 
single-mode LMA fibres with a field lens with a comparison of the direct and lenslet 
fed cases in section 5.4. Section 5.5 extends the case of a single lens feeding a single 
fibre to an array of SM fibres, possibly useful in high spectral resolution fibre fed 
spectroscopy and polarisation maintaining integral field spectroscopy. Section 5.6 
describes the experimental steps undertaken to falsify the central result of section 5.3, 
also providing furth_er verification of the coupling integral in general terms and 
specifically, its application to photonic crystal fibres. 
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5.2 The optical model 
As noted in previous chapters, the coupling efficiency into a single mode fibre is 
governed by the electric field and hence we need to determine the electric field of the 
telescope exit pupil image. The generalised optical model used in this analysis is 
shown in Fig 5.1. 
The field t, in the planar surface, S1 propagates the distance, d to the optical element CD 
which is monolithic in the (x-y) plane and is characterised by some positive value of 
optical power and a limiting, diffracting aperture assumed to be circular. The field 
passes through the lens and is then allowed to propagate the distance f, to the quadratic 
image surface, S2• A is the infinite plane containing the fibre end-face. A and S1 are 
coincident at the z-axis and E;, the field in the plane of A is given by Eq. 5.1, [IJ§§, 
(5.1) 
Where k is the wavenumber magnitude in the region between CD and A. P is the 
aperture function which is the projection of the aperture stop of the system onto the 
( £, 77) plane and is unity inside the stop and zero valued otherwise. t( £, 1]) is the 
transmittance of the input field. D is a constant phase term. 
§§This analysis is scalar and therefore the choice of E instead of His arbitrary. 
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Figure 5. 1 - The generalised optical model used in this analysis. 
In the case of an Airy pattern fed into the fibre, d = 0 and component CD is the 
telescope itself. E;( u, v) then reduces to the Fourier transform of the aperture function 
of the telescope multiplied by exp( ~~ (u 2 + v2 )) • This is the spherical term commented 
upon in section 4.2. 
In the lenslet fed case, it is usually found that telecentric foreoptics are required in 
order that off axis lenslets are not overfilled in angle. This is dealt with in some detail 
in section 5.6.1 of this chapter. For now, as Fig 5.2 shows, in the same way that a 
complete telescope, often comprising many different optical elements, can be reduced 
to a single lens for analysis , then a system that is telecentric in its image, can be 
reduced to a single lens and a stop in the front focal plane. 
For this analysis note that ldl = lf1 and further from the same figure, the aperture stop of 
the system is always the stop in the front focal plane. Therefore P = 1 for all points in 
the image and Eq. (5.1) reduces to 
~ { k' } EJ u, v) = D J _t(c,1] )exp -; (cu + 7Jv) d££17] (5.2) 
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Figure 5.2 - The telecentric system can be modelled as a single lens, an image 
at focal length, f, and the aperture stop of the system in the front focal plane at 
-! 
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Thus, in the lenslet feed case, the PSF of the telescope resides in S1, with no spherical 
term present. Applying Eq. 5.1, now to the lenslet, d = 0 and therefore P = 1 for all 
points in the image, and a Fourier relationship between S1 and S2 exists. The telescope 
PSF in S1 is vignetted by the aperture of the lenslet and this effect causes diffractive 
features to appear in the telescope pupil image on the fibre end-face. Further, by the 
convolution theorem, since S1 is the multiplication of the telescope PSF and the pupil 
function of the lenslet then S2 can be taken as the convolution of the telescope pupil 
image and the PSF of the lenslet. Projecting S2 onto A then yields a multiplicative 
spherical term and the pupil image is taken as, 
(
ik { 2 2 )~ E;( x, y) = exp 2 f \U + v )h ® E 8 (5.3) 
where E8 is the geometrical image of the telescope entrance pupil, h is the PSF of the 
lenslet in the (u, v) plane. Eq.(5.3) is the equation used to create the input fields 
throughout. 
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Finally, the following functional diagram is referenced throughout much of the rest of 
the chapter. 
(a) 
(b) 
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Figure 5.3- (a) The optical model nomenclature, (b) the field nomenclature - In (b) the telescope lens 
is assumed to include the telecentric foreoptics. 
5.3 Characteristics of the field lens feed 
This section quantifies the coupling efficiency due to parameters such as pupil image 
scale, telescope obscuration, incident wavelength which are seen to affect primarily 
the maximum coupling value (Section 5.3.1). Changes in coupling due to increasing 
input angle at the telescope are then found and used to derive the field of view (FOV) 
of this configuration. (Section 5.3.3). 
5.3.1 On axis source 
Figure 5.4 shows a 3D representation of the field magnitude of the fibre mode and an 
overplot of cross sections of the fibre mode and incident field, through their shared 
axis. The geometric image of the pupil, Eg of diameter dp, Fig.5.3, on the end face of 
the fibre is shown as the un-diffracted case. 
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As the focal ratio of the lenslet increases or the wavelength increases for the same 
lenslet, the subsequent size of the lenslet PSF, h(p,q) with respect to £ 8 increases, as 
the cross sections in the figure show. The least and most diffracted cases in the figure 
are of anf/2 lenslet at ~400nm and anf/4 lenslet at ~2000nm, respectively, and so 
dp is generally small enough, for any commercially available fibre, that the convolved 
pupil image, E;(p,q) , Eq. (5.3) can be significantly affected. 
The aperture of the lenslet will partially vignette the PSF of the telescope causing a 
loss in total throughput. However this does not effect the coupling efficiency at the 
fibre and hence is explained fully and quantified in sections 5.3.4 and 5.3.5 and 
ignored for clarity here. 
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Figure 5.4- (a) IE~ shown in 3D, (b) cross section through the fibre mode and 
various images of the pupil at the end face of the fibre 
Figure 5.5 shows the maximum coupling efficiency, due to an on axis source, 0 in Fig 
5.3, as a function of telescope exit pupil image size, dp, telescope obscuration and 
lateral offset of the pupil image with respect to the mode field of the fibre. These 
figures represent maximum coupling efficiencies since off axis sources couple less 
efficiently due to the phase mismatch between Ei and Ef (Section 5.3.3). 
In Fig. 5.5(a), the maximum coupling values change between the least and most 
diffracted cases due to the effect of h(p,q) as it scales with respect to £8 . The least 
diffracted curve peaks at 1.33A with the most diffracted image of interest, taken as 
Pmax >50%, showing a very weak dependence on image diameter, due to the 
dominance of the lenslet PSF over the image scale in these cases. 
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Increasing obscuration reduces coupling as shown in Fig - 5.5(b), as the mismatch 
between the missing central portion of the primary image and the centrally located 
mode becomes more severe. Fig. 5.5(c) shows that the coupling is highly sensitive to 
lateral alignment of the pupil image and the fibre mode. A drop in maximum coupling 
efficiency of approximately 10% occurs for only a 0.25A lateral shift and for an LMA-
8 fibre this equates to an alignment precision between fibre and lenslet axes of -l.61J.m 
rising to a few microns for the LMA-20. Alignment tolerances of this order are 
discussed by Liu et al [21 and whilst technologically challenging, are possible. 
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Figure 5.5- (a) Maximum coupling, Pmax (i.e.on axis 0 , in fig 2) characteristics 
as a function of pupil image scale, (b) Pmax, as a function of telescope 
obscuration, (c) Pmax. as afimction of pupil offset for geometric, diffracted and 
badly diffracted cases. For a lenslet not in contact with the fibre, these values 
must be reduced by the Fresnel coefficient at noted in section 5.2. 
40 50 
The values of maximum (on-axis) coupling efficiency with wavelength for various 
feed focal ratios into the pupil image are investigated with comparison to the direct 
feed case in section 5.4. 
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5.3.2 Gaussian apodisation 
Gaussian (amplitude) apodisation of the pupil image was attempted in order to 
increase the coupling efficiency into the LMA mode which, itself, can be 
approximated as a Gaussian in the region inside the holey structure[31. Figure 5.6 
shows the result of increasing the Gaussian half width of the apodising screen with 
respect to the diameter of the pupil image, dp (each pair of curves) and of increasing 
the size of dp wrt to the static mode field of the LMA fibre (the three sets of curves). 
Both the transmission and coupling curves are asymptotic to the x-axis and hence 
Gaussian apodisation works to reduce the overall coupling. 
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Figure 5.6 The effect of Gaussian pupil apodisation on the overall throughput, Ll%. 
The three curve sets are for increasing values of dP, the diameter of the geometric 
pupil image, E8 on the end face of the fibre wrt to the static mode field of the LMA 
fibre. 
5.3.3 Off axis source. 
Referring to Fig 5.3, the pupil of the telescope illuminated by an off-axis source, 0, 
and its geometrical image on the fibre end face can be modelled (in one arbitrary 
polarisation state, along the y-axis, say) as a flat obscured disc, P, modulated by a cos 
term in A, n , B the angle at the fibre associated with the off axis source 0 andy, the 
distance from the telescope axis, yielding a term P. exp( ikny B). Variables, y and Bare 
then linearly related and the much reduced magnitude of y across the extents of the 
image w.r.t. to the enormous values of y in the telescope pupil can be matched by the 
exact reciprocal scaling in Bfor the same value of the exponential term. This is simply 
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an expressiOn of the conservation of etendue for the telescope exit pupil and its 
(geometrical) image due to the invariance of A, in all space (subject to bulk changes in 
refractive index, n). 
As 8 increases a phase mismatch between the fibre and incident fields occurs which 
causes the coupling efficiency to fall off in the manner shown in Fig.5. 7. The fibre 
coupling field of view is then defined as the angle at which the coupling efficiency, 
Pl. 8) falls below some absolute value. 
As noted in the previous section, the PSF of the telescope will be vignetted, even at 
8= 0, by the lenslet aperture and indeed one can view this process as giving rise to the 
diffraction in the pupil image on the fibre end face[ 1l. Further, the amount of energy 
lost to this process will, of course, increase as the telescope PSF is displaced in i' wrt 
to the lenslet, for off axis sources and so the total field of view can be expressed as 
(5.4) 
where the subscripts f and s refer to the fibre coupling efficiency and vignetting the 
loss due to the lenslet aperture stop. 
Any constant amplitude terms in E;, for instance the amplitude of h or E8, cancel top 
and bottom in Eq. (2.29) and the power relationship between Eabjecr and Et is lost 
leaving only Pt• the ratio of the powers in E; and Et. For instance if Pt = 0.5 then 50% 
of the energy incident at the end face of the fibre is coupled into the fibre. The power 
ratio between Eohjecr and E; is then given by Ps and the total throughput from telescope 
entrance pupil to fibre mode by Eq. (5.4). The separation of the two terms on the RHS 
of Eq. (5.4) is therefore justified and further, whose individual derivations are 
physically relevant and instructive. See sections 5.3.4/5. p{B) itself is investigated in 
section 5.4. 
5.3.4 Coupling due to the fibre, pj(O) 
Figures 5.7(a) and 5.7(b) show the Pt(8) characteristics for coupling into an LMA-8 
and LMA-15 fibre. 
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Figure 5.7. Coupling efficiencies as a function of input angle for (a) LMA-8, 
(b) LMA-15 for dP = 1.33A and (c) as a function of dP. All angles are given in 
degrees at the fibre end face and all wavelengths in nm. 
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A fit to the curves, accurate to a few percent for p > 0.3, is overplotted in Fig 5.7, 
given by 
(e.Yncorey 
z( qxA))' (5.5) 
where, Pmax = PJ(8=0) is the maximum coupling value, n is the refractive index at the 
fibre end face, ncore is the refractive index of the fibre core, A is the characteristic 
length of the photonic structure in the fibre, Ao is the free space wavelength and (is a 
numerical constant of value 13.832 when 8 is in degrees. As noted in section 5.3.1, 
Pmax changes due to the wavelength dependent scaling of h with respect to E8 • 
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Figure 5.7(c) is a plot of p(8) for various pupil image sizes, dp, on the fibre end face. 
From the plot, p(8) can be increased/decreased slightly with a corresponding 
decrease/increase in image size. However, since Pnwx also affects the effective FOV, 
see equation 5.8 below, then the combination of Pmax X p( (})is found by inspection 
to yields the largest FOV when dp = 1.33A. 
In terms of the fractional loss of efficiency y, where { YE [O.O,l.O]:y< PmaxL Eq.(5.5) 
can be rearranged to yield, 
8 = ncore s(A.o )J- 2tn(l- r I ) 
n2 A I Pmax (5.6) 
and since F = ~e and converting from radians to degrees the associated focal ratio 
at the fibre, 
(5.7) 
Now that we have typical values for the required geometric pupil image size and feed 
focal ratio to the fibre we can calculate the fibre field of view on the sky for the given 
telescope configuration. In Fig 5.1, the conservation of etendue can be used to derive 
the angular scale between the telescope exit pupil and its geometrical image such that 
(5.8) 
Equation (5.8) is the angular relationship between fibre and sky and holds regardless 
of the fact the image on the end face of the fibre is diffracted. Substituting in Ffibre. the 
critical focal ratio associated with a maximum coupling loss of Pmax-Y, dp = 1.33A 
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and converting units of the angular un-obscured Rayleigh length, LR = 1·22Af.dr , 
yields, 
(5.9) 
Equation (5.9) is an extremely interesting result since it says that when feeding the 
single-mode LMA fibre with a field lens, Fig 5.3, the sample size on the sky is 
independent of the size of the fibre core, associated with the characteristic size of the 
fibre, A. This result can be understood on the basis that a larger core implies a larger 
IYmaxl in exp(ikny8) and therefore requires a smaller fJ for the same value of this term. 
Therefore as the core grows, the maximum input angle (for the same A) gets 
proportionately smaller and hence zremains constant. 
The image plane (i to i') magnification of the foreoptics, M1 can also be computed 
. dx· d%. usmg M f = 1 = 1 where fr is the focal length of the telescope and 
d. xfr 
I 
substituting in (5.9) yields, 
(5.10) 
d'L is the total aperture size in metres of the lenslet of focal ratio FL, where the 
approximation that the minimum focal ratio into the pupil image on the end face of the 
fibre is that of the lenslet itself, since Zv << Zu in Fig.5.3. 
So to keep Mt to a reasonable figure, say ~10 and assuming that FL;:::: 2 then for an 
LMA-8 fibre, dL ~ 260J..lm for FT = 7 and dL ~ 600J..lm for FT = 16, assuming that n = 
1.00 and dL ~ 600J..lm for FT = 7 and dL ~ 1400J..lm for FT = 16 for the LMA-20. So 
significant foreoptics magnifications are required to implement the pupil imaging 
scheme with a macroscopic field lens with lower M required for smaller lenslets of 
course. 
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5.3.5 Coupling due to the lens let, pl B) 
As the telescope PSF moves over the plane of i /it is stopped by the finite aperture of 
the field lens and this creates an extra term Ps in the off axis coupling efficiency. P~ can 
be computed for any aperture using, 
~E(r-& Jl 2 dr 
Aperture (5.11) 
which is simply the ratio of energy passed through the lenslet as a fraction of the total 
field energy, where E is the Airy pattern as specified by Eq 4.1, and or is the offset in 
i' of the centre of E from the telescope axis, dropped from the denominator since 
integrated over the infinite plane. 
5.4 Comparison of direct and field lens coupling 
In this section we bring together the effects of Pt and Ps on the coupling into the fibre 
using a field lenslet and compare these results with the case where the telescope PSF is 
fed directly into the fibre. 
S, the sampling constant, is defined in the following manner. From the conservation of 
etendue, XdT = (F; d fnl where dr is the telescope primary diameter, dt the image 
diameter at the fibre end face, n1 and F1 the lenslet refractive index, (e.g. 1.45 if the 
lenslet is in contact with the fibre end face) and focal ratio, respectively and z, the 
field of view of the lenslet on the sky. The use of the conservation principle is valid 
here since the expression is constructed solely from geometrical parameters. Defining 
d 1 = S x 1.22FT). substituting these two expression into each other and rearranging 
yields, 
F _1.33An1 
1 
- 1.22S). (5.12) 
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Hence the S=l case Nyquist samples the diffraction limited PSF out to the Rayleigh 
length, 1.22FTA. This choice is entirely arbitrary of course and any desired measure of 
PSF width can be chosen by simply altering the value of S. Note that since Eq.(5.12) is 
the sample size of the lenslet then it is natural that it should have no dependence on y 
or Pmax· 
The smallest S and hence the largest effect of Eq.( 5.12) occurs for the smallest A. 
Figure 5.8(a) is an overplot of Ps and PJ for the LMA-8 fibre with FL = 2, with a 
telescope obscuration of 25%. Looking first at the on-axis, {} = 0 values, the fibre 
coupling Pt -96% at 2000nm is due to the excellent match of the f/2 PSF at this 
wavelength and the fibre mode however, the value of Ps at this wavelength is 76% 
yielding the total coupling of -73%. However, at 400nm Pt has a value of -75% but a 
Ps of 96% and so as the fibre coupling, Pt increases with increasing wavelength, the 
maximum (on-axis) lenslet coupling, Ps decreases at approximately the same rate 
leaving p('A) in Fig.5 .8(b) essentially flat across the whole of the visible-NIR. 
Compare this with the coupling characteristics of the direct feed case plotted with the 
field lens curves in Fig.5.8(b) where the shape of the coupling curve is due to the 
wavelength dependent telescope PSF coupling into the wavelength independent mode 
field of theLMA fibre. From Fig 5.8(b), the maximum lenslet and direct feed coupling 
efficiencies are approximately the same for different values of the telescope 
obscuration. 
The fibre mode of a step index fibre is also wavelength dependent and it is possible to 
arrange a relatively flat response with a direct feed however, the attenuation spectrum 
of a typical step index fibre that is single-moded at 400nm is very limited[3J whereas 
the LMA fibre has low attenuation over the whole visible & NIR range and so only the 
LMA fibre, when fed with a lens let can be used to couple the entire visible-NIR with 
a single fibre. 
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Figure 5.8 (a) A plot of Pt and Ps for FL = 2 and an LMA-8 fibre. (b) The 
spectral response of lenslet and direct feed (on-axis) coupling into an LMA 
fibre for a 25% obscured pupil (c) Comparison of direct and lens let feed FOV 
for p against B. All wavelengths quoted in nm. 
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Note from Fig 5.8(b), that thef/3 lenslet causes Ps to fall off in the NIR for the LMA-8 
but with the slower lenslet having little affect on the LMA-15. 
Figure 5.8(c) is a plot of the direct feed FOV optimised for maximum coupling at 
600nm and of the case of a lenslet feed as given by Eq. (5.14). The lenslet-fed FOV is 
constant at the same maximum value of A/dT as the direct feed case as shown by the 
good agreement between the lenslet feed and 600nm direct fed curves. This is also the 
same FOV as the direct feed into a step index fibre [41 . 
The reason for the constant FOV of the lenslet feed can be seen in Fig 5.8(a) where Ps 
becomes more restrictive in angle at higher A, whereas Pt becomes more restrictive at 
lower wavelength. These two terms trade off one another in Eq.(5.4) to yield the 
curves in the Fig 5.8(c). 
The FOV of the direct feed increases for higher A when defined on a relative scale of 
some fraction of Pmax but at the significant cost of nearly % of the peak throughput of 
that associated with the optimum wavelength (600nm in this case) and so the lenslet 
feed into an LMA fibre makes the entire visible-NIR simultaneously accessible with a 
both constant FOV and high throughput. 
5.5 Single-mode fibres in integral field spectroscopy? 
Since the LMA fibre can be fed with a field lens then we see immediately that 
contiguous sampling of the focal plane of the telescope can, for the first time, be 
achieved with single-mode fibres. Why is this important? Polarisation maintaining 
(PM) LMA fibres are available with a mode distribution almost identical to the non-
PM case thereby, also for the first time, allowing the possibility of polarisation 
maintaining integral field spectroscopy. Further, a small bundle of single mode fibres 
fed with a contiguous lenslet array thence reformatted into a slit would provide 100% 
image scrambling [SJ and no modal noise - Chapter 7. This is possibly an extremely 
important step forward in very high (spectral) resolution spectroscopy and this is 
covered in more detail in Chapter 7. 
Further to this single-mode fibres are likely to play an important part in feeding light 
from the telescope to the proposed [61 photonic instrumentation. Chapter 1. However, 
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significant challenges are associated with the contiguously (single-mode) sampled 
field, some of which are introduced in the next sections. 
5.5.1 Telecentric requirement 
Before dealing with specific examples, some explanation of how arrays of single-
mode fibres can be expected to behave on telescope. The field of view of each lenslet 
in a contiguous array is shown for telecentric and non-telecentric cases in Fig 5.9. 
(a) 
\...---_______, 
Itl__-
(b) 
~---__J Tdts<OP" txil pupil 4 L Fibres LellSitts 
Telescope exit pupil Lenslels 
Figure 5.9 - (a) Fibres fed in a non-telecentric mode, (b) Fibres fed 
telecentrically. 
Fib1 ts 
From Eq. (5.5) the coupling falls off significantly with increasing angle. Fig 5.9 then 
shows the need for telecentric foreoptics is of paramount importance when sampl ing 
extended fields using si ngle-mode fibres, since the coupling of off axis lenslets gets 
progressively worse with off axis distance in the non-telecentric case. The field tilts 
shown are directly related to the speed of the input focal cone at each fibre so that for 
far enough off-axis, the numerical aperture of the fibre is exceeded. The pupil image is 
also progressively de-centred from the fibre further and further off-axis. 
5.5.2 The coupling of multiple lens lets 
In this section the coupling efficiency is investigated when the telescope PSF falls on 
more than one lens let . Looking at Fig 5.1 0, the energy in the dotted region couples 
into fibre A on its axis with efficiency as given by the crossed point on the green 
coupling efficiency trace for fibre A. However, some of the telescope PSF energy 
resides over the fibre B lenslet. To fibre B, the PSF appears to centred, off-axis at 
angle 8. However, by similar triangles, 8 is also given by the angular separation of B 
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with respect to A. Therefore the coupling efficiency into fibre B can be found by 
simply extending the coupling efficiency curve for A over the region covered by fibre 
B, taking the value on the curve at the axis of fibre B. The cross-hatched region of the 
PSF thus couples in with efficiency given by the encircled value on the green curve. 
As the PSF moves off the axis of fibre A the coupling curve moves with it yielding the 
coupling curves as shown in panels (b) and (c) . Therefore when computing the 
coupling in these cases we need only show the coupling curve out to the centre of the 
n1h lenslet of interest, where n is the number of lenslets required to sample the PSF. 
(a) (b) 
(c) 
Figure 5.10 - The coupling curve for fibre A can be extended beyond the 
lenslet boundary to yield the coupling value into fibre B (a) PSF on axis 
(Px»Po), (b) PSF moves off axis (Px>Po), (c) PSF sampled by lenslets A and B, 
(Px=Po) 
5.5.3 The effect of slower lenslets 
As either the wavelength increases or the speed of the lenslet is reduced, the size of the 
lenslet PSF increases with respect to the geometrical image. Furthermore, as the angle 
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of the source, 0, changes in the field of view of the fibre, the cosme term m 
P. exp( iknyO) changes and as can be seen from Fig.5.11 under certain circumstances, 
the PSF of the lenslet and the cosine term beat with each other causing dark rings to 
appear in the field of view. 
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Figure 5.11 - The coupling response of f/4 and f/17.9 lenslets. The f/19 
lenslets are shown on the diagram. The wavelength used was 1.l5J.1m. Note the 
efficient coupling when the image is well confined to the central region around 
the fibre mode and poor coupling when spread out. The images are normalised 
in abscissa and on an arbitary pixel scale in ordinate. 
The image appears to be an Airy pattern because it is dominated by the PSF of the 
lenslet. Notice that regions of high coupling in the figure are associated with the Airy-
like appearance of the image, whereas the regions of low coupling occur when the 
convolution of geometrical image and lenslet PSF yield an increased spread. Note that 
the geometrical image width is not changing here. The energy within the badly 
diffracted image is concentrated towards the image centre (with an Airy-like 
appearance) in regions of high coupling. 
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The green curve applies to an f/4 lenslet which easily allows the whole PSF through 
the lenslet aperture (MOS mode), and the red curve, f/17.9, where the diffraction 
limited PSF is Nyquist sampled out to the Rayleigh length, 1.22FrA.. Note the greatly 
increased field of view of the f/17.9 case (albeit with the inclusion of the dark rings) 
due to the insensitivity of the image to angle when the convolution is dominated by the 
lenslet PSF. 
5.5.4 Single-mode sampling 
From the results of the previous sections (5.6.2/3) it seems intuitively correct that 
more than one single-mode fibre will couple in more light than a single fibre. 
However, it turns out that this is not always the case. In the diffraction limited case, 
only a single plane wave component resides in the telescope entrance pupil and thence 
only a single isolated Airy pattern exists in the telescope image plane. From the results 
of sections 5.3.112 and Chapter 4, in the diffraction limit, the maximum possible 
coupling into a single fibre is :::::82%. However, in the Nyquist sampled case of Fig 
5.10(c), each 42% part of the PSF (112 of the energy within the first dark ring in the 
Airy pattern) will couple in at :::::35% with a total efficiency of 42% x 2 x 35% = 29% 
The total coupling varies slightly between the three cases in Fig 5.10 but the overall 
average is :::::35%. 
Therefore, in the diffraction limit, if light collection is all that is required then a 
single SM fibre is more efficient than a SM array. However, if imaging is required 
(e.g. for PM IFS) then the increased field of view is achieved at the cost of throughput. 
This general comment is necessary because we are in the diffracted regime, where the 
conservation of etendue, a ray optical result, is not observed. 
Figure 5.12 shows what happens as the diffraction PSF is over and under-sampled. 
The sampling is altered by changing the speed of the lenslet feeding the fibre for a 
fixed fibre core size. 
In the over-sampled case, the overall coupling does not increase due to the reducing 
coupling value associated with the slower lenslets- Fig 5.17 (a) -. In other words, as 
the lenslet focal ratio increases so does the width of the lenslet PSF and the overall 
image width becomes poorly matched to the fibre core. 
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Figure 5.12 (a) Coupling efficiency against illuminated fraction of lens let 
aperture for an over-sampled diffraction limited telescope PSF, (b) The under-
sampled case, A.= 1.15J.lm. S =1 indicates the Nyquist sample. 
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Note that due to Eq.(5.l2), and noting that dp= l.33A, the curves shown in figures 5.11 
and 5.12 are completely general. e.g. the LMA-20, IL =1.15)lm, S=l, F1=l8 curve is 
identical to the LMA-20, IL =800nm, S=l, F1 = 25.7 or LMA-8, IL =l. l5)lm, S=l, 
Ft=1.1, curves. 
In the under-sampled case, the field of view changes a shown in Fig 5.12 (b). The 
coupling efficiency depends strongly on the position of the telescope PSF with respect 
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to the lenslets. e.g. in the S=4 case, where the full width of the lenslet is 1.22FTA x 4, 
the maximum coupling, of 92% is on axis but for Airy patterns at other points in the 
field of view the coupling is zero. The S=l case is dealt with above but note that the 
dark rings in the field of view are far less severe than in the S=4 case, with various 
intermediate cases in between. 
In the atmospherically-abberated case, many plane wave components are populated, 
with various energies, within the telescope entrance pupil, with the resulting degraded 
PSF. The SM coupling efficiency of even modestly degraded PSF's is rather poor-
Chapter 4 - but the coupling efficiency of each of the diffraction limited PSF' s that go 
to make up the degraded PSF would remain as shown in Fig 5.12. However, it is a 
major exercise to compare the coupling of abbe rated PSF' s into arrays of SM fibres 
with that of the single SM fibre case and this is commented on further in Chapter 8. 
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5.6 Experimental considerations 
Equation 5.5 lends itself to direct experimental falsification and this is the primary aim 
of this section. The polishing work undertaken to prepare the LMA-20 fibre tested is 
described in section 5.6.1. The experimental apparatus and subsequent results are then 
described in 5.6.2. 
5.6.1 Fibre Preparation 
As with any optical fibre used in astronomical instrumentation, high quality 
preparation of the end face of the fibre is of paramount importance to reduce scattering 
of the incident light by surface defects. Reduction of end-effect induced FRD and the 
losses due to scattering of light into radiation modes are two examples for multimode 
fibres but the problem is particularly acute for single mode fibres since there is only 
the single supported mode to couple into. Hence, even small amounts of light scattered 
from defects can severely affect the fibre's transmission since there are no other 
(transmitted) modes to scatter into. 
End face preparation of optical fibre typically involves first cleaving the fibre and then 
polishing. There are various cleaving techniques the most common of which are score 
and break, whereby the fibre's outer (cylindrical) surface is scored and then the fibre 
placed under tension until it snaps at the defect and the ultrasonic blade technique, 
whereby the fibre is held firmly either side of an ultrasonically vibrated blade. Whilst 
the cleaving technique yields a high surface quality, for high throughput applications 
such as astronomy and telecommunications further end preparation is required. 
Polishing, is an abrasive process that works to reduce the characteristic length of the 
surface defects left by cleaving to much less than the smallest wavelength of the 
coupled radiation intended for the fibre. The polishing process is often automated but 
for this work both the step index and LMA fibres were polished, by hand, using the 
puck and figure-of-eight technique with various grades of polishing paper and 
finishing with a final polish using colloidal silica. 
This technique involves securing the fibre inside a hypodermic needle which is then 
held within a puck. The tip of the fibre protrudes by a very small distance from the 
hypodermic and is therefore in contact with the paper. The puck is moved over the 
abrasive paper and the fibre polished with papers of progressively smaller grit size. 
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Polishing of the step index fibre was routine but the LMA cross section consists of a 
regular hexagonal array of holes that form the photonic crystal structure. Liu et al 
commentl 11 that holey fibres need to be collapsed whilst polishing in order that the 
holes do not fill up with spoil from the process. Panels (a) and (b) of Fig 5.13 are an 
example of this. However, in the interests of finding a low cost option it was found 
that a short period of immersion in ultra-sonicated water will clear most of the filled 
holes after hand polishing with only minimal damage to the hole profile at the surface 
-Fig 5.13(c) shows this clearly by comparison to panel (b); 
(a) (b) 
(c) 
Figure 5.13 - Various images of the end face of the LMA fibre (a) After 
polishing with 300nm grit polishing paper (b) After polishing with colloidal 
silica (c) After short period of ultrasound showing some light damage to holes 
but with nearly all holes free from debris. 
The immersion time was two to three seconds in the centre of the ultrasonic bath. Any 
more than this, removed the spoil from the holes, but also damaged the fibre structure. 
The above results were recorded with ultra-sonication after polishing (with various 
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grades of paper) was complete. An improvement to the process may be to gently 
ultrasound the fibre end between each successive grit size to try to reduce the amount 
of damage done whilst still removing the spoil. The LMA fibre tested was polished to 
the same standard as panel (c) with results in good agreement with manufacturers spec 
for numerical aperture and expected far and near field spatial profile and thus this 
finessing was not attempted due to time constraints. 
Despite the high general surface quality due to polishing, occasionally a small piece of 
debris can get caught in the active polishing area and score or pit the surface. These 
defects can be significant enough to require a complete re-polish or even a new 
cleave/repolish which can be extremely time consuming for multiple fibre systems. 
However, small defects in the surface of the end face of a fibre can often be made 
invisible to the incoming light by index matching them out with an appropriate grease, 
with RI matching that of the fibre core. Spread between the core and a glass plate 
(itself of the same RI) the glass plate now acts as a high quality optical end face of the 
fibre. This is a standard technique that can lead to significant time savings in fibre 
preparation since minor surface defects can be left without the further polishing 
required to remove them. 
However, when used on the LMA fibre photonic crystal fibre, it was, perhaps not 
surprisingly, found that the index matching grease can find its way into the holey, 
photonic structure with significant effects on the measured far-field pattern. A large 
variation in output from one application of the grease to another was observed, with 
some quite pronounced differences in the far-field. 
Taking z = 0.0 at the fibre output end face, Fig 5.14 panels (a) and (b) show the far-
field outputs at axial distances z = 2.5mm and z = 8mm far-field, respectively, of the 
LMA fibre with no index matching grease or glass plate. The shape of the field is as 
expected[ZJ, a central Gaussian with the six satellite lobes visible on panel (a) but 
invisible on panel (b) on the linear scale of these pictures. (Note that the lobes do not 
disappear at large z, however, the ability to detect them against a non-zero background 
and CCD dark count does diminish as their peak value decreases as 1/z2). 
Panels (c), (d) & (e) show the z = 8mm far-field patterns for three separate 
experiments where the index matching grease and glass plate were applied. Panel (e) 
highlights the fact that it is possible to use the grease and get relatively unperturbed 
results (compare with panel (b)), however panel (c) has a very different spatial 
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distribution with much more energy encoded in the satellite spots (with peak values of 
-30% of the peak value of the central Gaussian). Panel (d) shows an intermediate 
result with a non-radially symmetric distribution. 
Figure 5-14- (a) The z = 2.5mm distance far-field pattern of theLMA fibre 
with no index matching grease or glass plate - the six expectei21 satellite 
lobes are just visible (b) the z = B.Omm distance far-field pattern of the LMA 
fibre with 110 index matching grease or glass plate- (c), (d) & (e) examples of 
the Bmm far-field pattern with index matching grease and glass plate applied 
to the output end face of the fibre. All images at linear intensity scale but not 
same spatial scale. 
This work does not undertake a detailed theoretical analysis of these results. However, 
Mortenson et al [31 , have modelled the near field distribution of the single supported 
fibre mode as a central Gaussian from which six smaller (width and magnitude) 
Gaussians, centred on the inner ring of holes, are subtracted. The subsequent far-field 
matches the observed Physics well and is a consequence of the interference between 
these different Gaussian elements as the total field propagates. It is not difficult to 
imagine then that holes that are filled or part filled and cause significant changes to the 
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modal field distribution at the fibre end face might have significant effects in the far-
field. 
With so much variation measured in the far-field output and no way of controlling 
how many holes are filled, part filled and to what depth, the best advice for hand-
polished fibres seems to be to polish to a standard high enough not to require the index 
matching technique or in the case where a lenslet needs to be bonded to the fibre end 
face, to buy the fibres hermetically sealed (not tested). 
5.6.2 Experimental investigation of the LMA.fibre. 
The apparatus constructed to verify Eq. (5.5) is shown in Fig 5.15. A lOOJ.lm diameter 
'telescope' with 'lenslet' was used to feed the fibre as shown in the schematic Fig 
5.15. The source of illumination is described below and was incident from the left. 
The whole telescope mount was pivoted directly below the telescope pupil so the input 
angle could be adjusted using the micrometer shown. 
Some uncertainty in the centre of rotation of the stage with respect to the telescope 
must exist and so the image of the telescope pupil was placed directly on the CCD and 
the intensity as a function of tilt angle measured. Also the experiment was conducted 
at a range of angles either side of the measured angle of maximum coupling in order to 
experimentally locate the zero angle point. The variation in intensity was found to vary 
by no more that 2% across the range of angles tested and is subsumed into the 
uncertainty in the abscissa along with 5 times reproduced throughput values. Hence 
the abscissa error depends on estimates of both the repeatability, describing effects 
such as output power variation in the light source and the photon noise of the detector, 
and the reproducibility, describing the apparatus ability to reproduce the same 
experimental results, such as micro shifts in the pivot position for example. 
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Illumination, laser or incoherent source- See text 
Telescope lens+ IOOjlm pinhole 
A 
Colour filter 
500mm lens 
Lamp 
( I OOW Halogen) 
Figure 5.15- Schematic of the test apparatus 
The conservation of etendue between telescope and image at the fibre end face yield 
an angular ratio between them of 5.7 and an estimated uncertainty of ±10% is applied 
to this to allow for variation in the optics. The uncertainty in the ordinate is then given 
by the sum in quadrature of this term and the angu lar uncertainty associated with the 
micrometer precision and the uncertainty in the distance between the micrometer and 
the pivot. 
The experiment was done in two parts, the first using lasers to illuminate the telescope, 
the second an incoherent system designed to approximate a small range of input plane 
waves. 
In the first instance, the telescope was illuminated with a 4mW, 633nm, HeNe laser. 
The beam was expanded to a Gaussian half width of approximately l5mm yielding an 
excellent approximation to a plane wave over the central lOO~m of the beam. A range 
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of input angles at the telescope aperture were set and the output recorded by placing 
the entire output far-field of the LMA-20 used throughout the test directly onto the 
CCD of the Q-imaging Retiga EX, also used throughout. The variation in throughput 
as a function of angle and the associated value according to Eq 5.5 are both plotted in 
Fig 5.16(a), with a repeat experiment, using a 532nm diode laser but nonetheless 
subject to a similar beam quality over the lOOJ.Lm pinhole, plotted in panel (b). 
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Figure 5. 16- (a), 633nm laser illumination, (b) 532nm laser illumination 
The small uncertainty in the abscissa m the 633nm case was due to the excellent 
stability of the laser and apparatus reproducibility in angle. The rather larger 
uncertainty in the 532nm case is due to the fact that this wavelength resides on a very 
steep bend loss edge in the attenuation spectrum of the LMA-20 fibre, see Fig 3.9, for 
example. Even micro-movements of the fibre, due to say, the air conditioning in the 
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room, have a significant effect. It proved extremely difficult to reduce this effect to an 
insignificant level and the large error bars on panel (b) reflect this. 
In order to confirm, further, the form of Eq. (5.5), a 905nm laser filter was purchased, 
somewhat more cheaply than a 905nm laser. Hence, a white light source, feeding the 
filter was setup to feed to the telescope as shown in Fig 5.15. 
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Figure 5.17 (a) 633nm incoherent illumination, (b) 905nm incoherent 
illumination. 
The apparatus was set up using a 633nm laser line filter and the pinhole reduced in 
size until the angular range at A was enough for the incoherent 633nm data to match 
the data recorded using the 633nm laser and of course, the fit according to Eq. (5.5). 
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The single-sided angular range at point A in the diagram is 100~-tm/500mm - 0.043° at 
the fibre .. This is shown in Fig.5.17(a). Once this was achieved, the 633nm filter was 
replaced with the 905nm filter and the data in Fig.5 .17 (b) were recorded. 
To summarise, Eq. (5.5) has been tested experimentally over a 373nm bandwidth over 
the mid to upper VIS and lower NIR and found to be in good agreement with the data. 
This experiment also lends further support to the validity of the coupling integral, at 
least at low angles. 
The absolute throughput of the 905nm and 633nm incoherent data were compared and 
differed in value by less than 3%. This is well in line with the maximised coupling 
across the range for the lenslet feed. However, it is possible for two wavelengths 
separated by only 272nm to yield roughly the same coupling value - see the direct 
feed curves in Fig 5.8(b) for instance and so whilst encouraging, this results does not 
prove the model. However constraints on both budget and time prevented further work 
in this area. This is commented upon further in chapter 8. 
5.7 Summary 
The LMA fibre is characterised by a large mode field that can be taken as constant in 
size and distribution with wavelength in this application allowing high efficiency 
coupling of starlight over a much broader wavelength range using a lenslet than the 
direct feed case. 
Step index fibres, with their wavelength dependent mode field, can be used to flatten 
the direct feed response over an octave or so- Chapter 4, but generally have severely 
limited attenuation spectrum by contrast to the LMA case. The maximum field of view 
of the lenslet fed LMA fibre has been shown to be approximately the same as the 
direct feed step index and LMA fibre cases. 
The lenslet feed scheme now allows, for the first time, single-mode integral field 
spectroscopy with single-mode fibres. However, single-mode fibres behave very 
differently to multimode fibres and some of these differences have been discussed. 
Significantly it is more efficient to couple light into a single SM fibre, than into an 
array when Nyquist sampling in the diffraction limit. 
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Finally Eq.(5.5) was experimentally verified in the range 532nm to 905nm and out <3 
degrees of tilt in the wavefront. This also validates the coupling integral out to these 
angles and when applied to photonic crystal fibres. 
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Chapter 6 
Multimode fibres to single-
mode arrays 
6.1 Introduction 
OR-suppressing fibres have recently been reported[t.ZJ that convert a multi-mode fibre 
(MMF) into an array of single-mode (SM) fibres on which can be imprinted fibre 
Bragg gratings. The single mode array (SMA) is then re-fused into a MMF yielding a 
multi-moded fibre device capable of suppressing certain wavelengths such as the 
atmospheric OH lines with single-mode performance. Fig. 6.1. Analysis of these fibres 
provides useful information for the fibre manufacturers and instruments scientists alike 
and yields another example of the importance of the ray and EM models of optical 
fibres in astronomy. 
SMA 
InputM:MF 
Bragg Gratings 
Figure 6.1 - The input MMF transforms into the SMA array on which the 
Bragg gratings are encoded. The reverse transition then reforms the SMA into 
the output MMF 
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Despite the demonstration of a 19 mode device[IJ ,manufacture of these devices with 
lOO's rather than lO's of modes in the SMA is currently very challenging and is likely 
to remain so in the near term. Therefore we again appeal to the ideas laid down in 
Section 2.4 in order to determine the distribution of power within the input multimode 
step index fibre (MMF) when used to transport starlight in an astronomical instrument 
when fed (a) by the telescope point spread function (PSF) and (b) when fed with an 
image of the telescope exit pupil via a lenslet in the telescope image plane. This model 
is then used to predict how many modes are required in order to remain useful to 
astronomy. 
The fibre model itself is presented in section 6.2 with the direct and lenslet fed cases 
dealt with in section 6.3 and 6.4, respectively. 
6.2 The fibre model 
6.2.1 From the MMF to the SMA 
The single mode array made from M single-mode cores can support M modes[IJ which 
under the assumption of a strictly adiabatic transition, are transposed into the array 
from the fibre in order of increasing U within the MMF. e.g. looking at Fig 2(a) in 
order of HE11 , TE01 , HE21 (Odd +Even), TM01 , EH 11 (Odd +Even), HE31 (Odd + 
Even), HE12, etc ... at V > 4.2 However, the U(V) curves can sometimes be seen to 
cross near the cut-off region, e.g. near U=V in Fig.6.2(b) - and so it is not strictly 
possible to assume, using the wealy guiding model, that an SMA supporting M modes 
will couple the lowest M modes of the MMF. However, at any given value of V only 
approximately 8 per cent of the supported modes are near cut-off [JJ and hence it is 
safe to assume sequential transfer of modal indices with an uncertainty of <8 per cent 
or so when the number of supported or populated modes is greater than M, which 
does not affect the efficacy of this analysis. 
VI- OH suppression fibre peiformance 
10 TEo1lM oiiE 21 
9 
f' HF,.EH, 
-1 5 ~HEIJ 
~iffin.EH, , 
HEn EH11 -l 
6 
TP.n n.r o:z HF :u 
HE.-tEHzt 3 5 
~ 5 HE, 
HE11.EH t1 ~ 3 ~ 
TE n 'IM o,HE zl 
3 2 5 
HE, 
0 I 5 
0 ~ 6 10 25 J ~5 -l -15 
r· r· 
Figure 6.2 - Modal parameter spaces for (a) weakly guiding, (b) strongly 
guiding circular fibres. Panel (a) reproduced from section 2.3.3 
6.2.2 The geometrical, ray optical, model 
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Borrowing from Chapter 2, it was stated that for U >> 1 each value of U can be 
associated with a unique characteristic ray angle, 8, 
u = 2nncore sine = v sine 
A. sinG 
(6.1) 
azimuthal with respect to the fibre axis and hence e E [O,e] . The commonly used 
formula for the number of supported (bound) MMF modes, N for a given Bmax. is also 
based on the Unua >> 1 approximation l4l and is given by, 
2 
N=Umax 
n 
(6.2) 
where n is an integer who's value depends on how the modes of the fibre are counted 
and Umax is the highest populated U within the fibre, by the illumination. The number 
of modes within the fibre is constant of course but there is more than one way to 
classify a 'mode ' and n is determined in the foJiowing manner. 
For instance, Eq.6.2 applies to the fully vectorial mode designation when n=2. The 
linearly polarized, LP, modes of the fibre are the sum of all four vectorial fields at 
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each l,m to yield the LP1-I.m modes and so the number of LP modes is reduced to 
N=Uma/18. Inspecting Fig 6.2(a) we see that in the l = 0 and l = 1 cases one and three 
vectorial mode(s), respectively, are approximately associated with a single e but for 
all l > 1, there are two vectorial modes per e and the number of modes in the input 
optical fibre, is well approximated by N = Uma/14. Since this is how the modes of the 
feeding MMF are transferred into the SMA then the n = 4 case also applies to the 
SMA. - i.e. the SMA must be made from at least n = 4 cores to support all of the 
modes in the MMF. 
Looking at Fig.6.2(a), we see that at the cutoff U cutoff :::::: V for any V and thence 
replacing U cutoff with V in Eq.6.2 yields the total supported (bound) modes within the 
numerical aperture of the fibre. Further, since we start with the electromagnetic field 
model and seek correspondence with the geometrical ray model, at U cutoff• Bcutoff :::::: e 
and the maximum supported angle within the fibre is very nearly the numerical 
aperture itself. The fractional error associated with Eq's.6.1 & 6.2 is 1/U [4•51. 
6.2.3 The general effect of M < N 
In this subsection we investigate, m general terms, the effect of there being fewer 
supported modes within the SMA than are supported within the input MMF. 
..... 
:::ig ..........•..•.•........ A 
'..:::J= 
f '(,l,.,, ) \'(i. ~.. ... , ) r· 
Figure 6.3 -Schematic plot of the MMF U(V) showing Umax associated with 
theM modes supported within the SMA. 
For a given fibre, a and e, the V parameter scales inver ely with wavelength, Eq.2.7. 
At point A in Fig 6.3 V = Umax = U cutoff and from Eq.6.1 Bcutoff = e. At all A> Amin the 
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line V = Ucutoff is accessible and so therefore is the numerical aperture of the fibre. 
However, for all A < A111i 11 the maximum value of U transmitted by the SMA remains 
as UtiUlx but V still scales inversely with A and again by Eq.6.1 then Bmax also becomes 
inversely proportional to A . In other words the numerical aperture of the fibre 
becomes wavelength dependent. The on-sky consequences of this effect are discussed 
in sections 6.3 and 6.4. 
6.2.4 The coupling calculations 
In the EM case the coupling integral, Eq.2.29 was used with Eq.4.1 in the Airy feed 
case and Eq.5.3 in the lenslet fed case. Both cases are assumed to have circular 
aperture only. 
As in previous chapters, a 10002 grid was used where appropriate, however, some of 
the higher order modes required larger matrices in order to adequately sample the fine 
structure of some higher modes near to the fibre axis. Note that all coupling integral 
results match their physical analogues well even at the highest mode orders, e.g. Fig 
6.1 0, showing the effectiveness of this approach. 
6.3 Airy pattern coupling 
6.3.1 Ideal seeing 
In this section we compare the predictions of the ray geometrical and the 
electromagnetic coupling models. Fig 6.4 
Figure 6.4- The geometrical ray model and inset the Airy pattern Re(Ex8 ) and 
fibre fundamental mode for the case of (wla)=0.3, where w is given by Eq.(6.3) 
and a is the fibre core radius. 
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We first re-define the V parameter in terms of the Rayleigh length, w, of the 
unabberated telescope PSF which in the scalar optical approximation is given by, 
w=l.22Fr)., (6.3) 
where Fr is the telescope focal ratio. Re-arranging and substituting into Eq 2.7 yields, 
V _ 2.441ZE)Fr 
- (%) (6.4) 
which describes the fibre and telescope together. However, Eq. 2.7 is a special case of 
Eq. 6.1 and since 0= 112Frthen, 
(6.5) 
where UFTdescribes the part of the U(V) space occupied by Frfrom the telescope. 
Figs 6(a)-(c) are the MPDs of an Airy pattern coupling into the fibre when the PSF is 
the on-the-fibre axis, 20 per cent (of the fibre core radius) off-axis and 60 per cent off-
axis. The ordinate is expressed as SMA mode number, where 1 =HEn, 2 = TE0t, 3 = 
HEzt, 4 = TMot· .... 
With the coupling into an individual mode, p; given by Eq. (2.29), the total guided 
power, Prorat within a fibre supporting N modes, due to an illuminating field E;, is 
given by p 1 = ~P·. For Unuu >> 1 the modes of the MMF asymptotically approach Tota L., 1 
i=l 
a set of plane waves of discrete angular spectrum[SJ and so the sum should be 
recognized as yielding the magnitudes of a Fourier-like series decomposition of E;, but 
in the basis of the modes of the fibre. As we shall see, this likeness has a significant 
impact on the MPDs for various E;. 
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The Fourier transform of an Airy pattern is a top hat so the form of the MPD's should 
not be surprising. As the Airy pattern moves off-axis the Fourier transform would 
include a modulating cosine term so that the MPD puts more power into modes within 
the top hat envelope as the offset from the fibre axis increases. 
Again appealing to the Fourier series analogy and focusing only on the numerical 
value of (w/a), as this quantity decreases, smaller spatial frequencies in the image field 
Ei appear which require higher order modes within the fibre to couple into, as can be 
seen from Eq. 6.5. Fig. 6.5(d) shows that indeed this is the case. Note the linear 
population of the cumulative curve as appropriate to a top hat 'modal transform'. The 
number of modes required to couple the light in efficiently is given, from Fig. 6.5(d), 
by the fit Mmin = 4.0881 (w/arl.9698 and substituting this into Eq.(6.5) yields 
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(6.6) 
which shows that the electromagnetic and geometrical coupling models agree well, 
certainly to within 1/U. 
The case (wla) > 0.3 is not considered because of the increasing loss associated with 
the vignetting of the PSF by the fibre core. At (wla) = 0.3 the loss is 4 per cent on-axis, 
although this is much higher in the abbe rated case of course - see below. In the 
abberated case we would be more likely to derive some width estimate based on the 
FWHM of the aberated PSF, also, in a real application, in order to avoid recording 
significant background. However, in the unabberated, background-less analysis, 
(wla)max = 0.3 and then from Eq.(6.5), V = 13 is then the minimum value of the V 
parameter for effectively loss less coupling of an on-axis Airy pattern into multimode 
fibres. Further, the maximum fractional offset of the centre of the incident PSF in Fig 
6.6 is 60 per cent of the fibre core radius since the coupling efficiency starts to fall off 
significantly beyond this point for (wla) = 0.3. 
6.3.2 M, transmission and field of view 
What are Eq.'s (6.5, 6.6) actually telling us about how many modes must be supported 
within the SMA for lossless overall transmission? From Eq.(6.4), 
A. = ( (% )J(_!!__J 
1.22 Fr 
(6.7) 
Since the number of modes in the SMA, M, will be limited by manufacturability, I plot 
the straight lines of A against (a!Fr) for various (%)= y JM, in Fig.6.6, up to the limit 
of (%)=0.3 => M =45 
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Figure 6.6- A plot of the accessible wavelength range for the number of modes 
supported within the SMA and (a!Fr). (I) M=45 , (2) M=50, (3) M=IOO, (4) 
M=200, (5) M=400, (6) M=lOOO, (7) M=2000. 
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The graph shows that simultaneous access the entire 800nm-1800nm range typically 
associated with OH line emissions, a minimum of 200 modes is required. If the 
shortest desired wavelength, A,,1;n (with respect to the upper desired wavelength, in this 
case 1800nm) can be increased, then the number of modes required is also reduced as 
described by Eq.(6.7). Notice, from Fig 6.6, that an all purpose astronomical fibre 
capable of transmitting between 365nm and 21..1.m with full -OH suppression would 
require about 2000 modes in the SMA array. 
In the specific cases of J and H band coupling, the ratio (a/FT) would be selected to 
accommodate the higher wavelength at (wla) = 0.3 (theM= 45 dotted line on Fig 6.6) , 
l.33~m for J and l.78~m for H, and then the number of modes needed to couple the 
lower end of the waveband computed, also using Eq. 6.7, resulting in MusJlm= 57 
modes and Mt.49Jlm= 66. 
Since Leon-Saval et al demonstrated a 19 SMA mode fibre array device[IJ then if the 
200 supported modes from the above example were taken as a reasonable 
extrapolation in the near to mid term and made into a fibre this would mean (a/FT) "" 
7~m and for FT= 8 then a=55~m. or a llO~m core diameter fibre. 
Wavelengths above the top dot, on Fig.6.6, imply that (wla)>0.3 which means that the 
energy of the Airy pattern is vignetted by the fibre core and falls off in a highly non-
linear manner, both as A increases and as the Airy pattern moves about on the fibre 
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end-face. Below the lower dot is the region at A < Amin in Fig. 6.3 where not enough 
modes are supported within the SMA to fully transmit all of the energy of the PSF. 
Notice that each of the on-axis through to 60 per cent off axis cumulative curves in 
Fig.6.5(d) are almost identical at each (wla) even on the sloped part of the curve 
relating to the region below the dot on the vertical line in Fig.6.6. Hence, the field of 
view of the MMF on the sky is unaffected by the truncation of the MMF modes by the 
SMA in the Airy pattern feed case whereas the transmitted power becomes inversely 
proportional to A.2 for wavelengths less than the lower limit set by Eq.6.8, with 
(6.8) 
6.3.3 Airy pattern coupling - Natural seeing 
We now examine the effect, on the MPD, of coupling atmospherically degraded PSF's. 
From the results of section 6.3.1, in designing an OR-suppressing fibre system there is 
a trade-off between the need to decrease (wla) to collect more energy and to reduce the 
number of modes, M, by increasing ( w/a) since ('%) oc f ..fM Fig.6. 7 shows that the 
geometrical model is still applicable even under conditions of natural seeing that yield 
a speckle pattern in the telescope image plane. The reason for this is that regardless of 
how badly aberrated the PSF is, it is still the Fourier transform of the telescope exit 
pupil. Thence, regardless of how poor the seeing might be, the narrowness of the 
modal transform will always be limited by the limiting aperture of the telescope exit 
pupil. 
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Figure 6.7 - A comparison of the MPD's of the diffraction limited, Drlro = 
10,20 cases, where Dr is the telescope primary diameter and r0 the Fried 
parameter 
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Figure 6.8 is the same as Fig.6.6 but under conditions of natural seeing typically found 
on 4m and 8m class telescopes as in chapter 4. For each telescope/atmosphere, 1000 
PSFs were generated using a Monte Carlo simulation, and for each one the coupling 
integral was evaluated. The atmosphere was simulated as a randomly generated 
Kolmogorov phase screen and the PSF was constructed using the far field 
approximation (by taking a fast Fourier transform (FFT) of the complex field in the 
telescope pupil). Perfect tip-tilt correction of the pupil phase was assumed, and the 
intensity in the telescope pupil was assumed to be uniform, that is, scintillation effects 
were not included. The geometrical relationship Eq.6.7 remains valid in conditions of 
natural seeing, but now the PSF is spread further out in the image plane due to the 
atmospherically degraded wavefront in the telescope entrance aperture. Therefore only 
some fraction of the energy in the PSF will couple into the fibre core of radius, a, with 
the remaining energy incident on the fibre cladding/buffer and therefore not 
transmitted by the fibre. As noted above, there is a trade-off between the need to 
minimise (a/FT) to minimise M and to maximise (a/FT) to reduce vignetting loss. 
Figure 6.8(a) and 6.8(b) show that 84 per cent enclosed energy of~ 800nm is only 
available to the 4m 7rz corrected telescope in r0 =l5cm seeing. The rz figure is the 
maximum corrected radial zernike mode order. The 8m telescope can only reach 
significantly into the 1000nm-2000nm band with M> 1000 for this same 84 per cent 
throughput. The 50 per cent panels (c)-(d) show that M<200 starts to match the 
performance of the 8m telescope for 12rz correction and 800nm in 15cm. M< 100 
matches the 4m case well for 800nm in 15cm seeing. Panels (e)-(f) show that M<200 
and ~ 800nm yields > 30 per cent coupling on all but the 1 rz 8m in poor ( ro= lOcm) 
seem g. 
The amount of AO correction applied is indicated by the number of radial Zernike 
orders corrected, rz. For instance the 7rz and 12rz cases are high order corrections as 
typically found on 4m and 8m class telescopes, respectively, whereas 1rz is interpreted 
as tip-tilt only correction. 
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Figure 6.8 - The black lines in this figure represent (a) 84 per cent Enclosed 
energy within the fibre core diameter for r0 =10cm seeing (specified at 500nm), 
(b) 84 per cent Enclosed energy within the fibre core diameter for /5cm seeing, 
(c) 50 per cent Enclosed energy within the fibre core diameter for /Ocm seeing, 
(d) 50 per cent Enclosed energy within the fibre core diameter for 15cm seeing, 
(e) 30 per cent Enclosed energy within the fibre core diameter /Ocm seeing, (f) 
30 per cent Enclosed energy within the fibre core diameter for !5cm seeing. The 
key is M = 50, 100, 200, 400, 1000 and 2000. /rz is tip-tilt only corrected and 
7rz and 12rz 7 and 12 radial orders of correction on 4m and 8m class 
telescopes, respectively, (g) Typical transmission spectrum of truncated fibres. 
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It would seem therefore that in the Airy pattern feed broad-band case (800nm-
1800nm) the OH fibre suppression technique is rather better matched to 4m diameter 
telescopes with good AO correction than for larger apertures. Greater than 70 per cent 
coupling should be possible on 4m class telescopes in seeing of 15cm or better for 
A£::200 and ..1.>1000nm. However, from panels (b) and (d), the 8m class telescopes are 
accessible to M=200 fibres if An1;11 is kept to >1500nm by increasing (a/FT). To 
highlight this further, Fig.6.8(g) shows the theoretical transmission spectrum due to 
SMA truncation for various fibre devices. That is, the transmission as a function of 
wavelength for various fixed (a/FT). The 8m, (a/FT)=7~m and 8m, (a/FT)=13~m cases 
highlight that the larger fibre can be used to couple more light in for the same 'size' 
PSF but by Eq.6.7 this then increases Amin to, in this case, 1500nm at (a/FT)=13~m. 
For A< Arnin the transmission falls off as a product of Eq.6.8 and the vignetting loss. 
6.4 Pupil Coupling 
Fibre-based integral field spectrographs generally feed an array of fibres with a lenslet 
array, contiguous in the telescope image plane. If OR-suppressing fibres can be made 
cheaply enough, they might also find use in this application. The lenslet places an 
image of the telescope exit pupil on the end-face of the fibre, and in this section we 
investigate the properties of OR-suppressing fibres when illuminated in this way. 
6.4.1 Negligible spherical term -Ideal seeing 
In the first instance we shall ignore any effects due to the projection of S2 onto U, in 
Fig 5.1 and assume that the spherical term is negligible as would be the case for very 
large f with respect to the fibre diameter, such as in many FRD experiments[6•71 • Figure 
6.9 again highlights the decomposition relationship between the MPD and E; since the 
'modal transform' of the pupil function appears to very similar to an Airy pattern. 
Indeed, by increasing the obscuration the well known reinforcement of the first Airy 
minima occurs as A increases[81 . 
VI - OH suppression fibre peiformance 
(a) 
(b) 
-1<1P!l3l H l 
.... 09 
.. ~ 08 
0 
E o 1 
s 
-:; 06 
G' 
~ 0 5 
G ~ 0 ~ 
~ 0 3 
~ 02 
~ 0 1 
0 b !.~ L 
0 200 
lU 
~ 
=&\HModes 
(7 ) 
JJ 
600 
!l l (2) (3 ) H I (5 1 (6) (71 
0 10 20 30 ~0 50 
( ' 
~ 
800 
60 
Figure 6.9 - (a) Th e variation in MMF MPD labelled on a scale of the SMA 
mode number(section 6.2.2), as the source moves off axis (I) On axis, (2) 2°, (3) 
4°, (4) 6°, (5) lr, (6) 10", (7) /2°, (b) The variation in MMF MPD as a function of 
U, as the source moves off axis. 
128 
By ignoring the spherical term we can immediately align the ray optical model with 
the full electromagnetic field coupling analysis as shown in Fig.6.9(a,b). Here the fibre 
is illuminated with pupil images of an infinitely distant point sources at various 
equally spaced points from on-axis to the furthest possible physical extent, in this case 
the numerical aperture of the fibre at 0.22. The geometrical image E xg is then given by 
P.exp(iknx8) (6.9) 
for pupil function P which takes value unity within the extent of the pupil image and 
zero otherwise. As, 8, the angle subtended between the line of sight of the object and 
the fibre axis at the fibre end face, increases up-to the limiting value of the numerical 
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aperture of the fibre or the lenslet, whichever is smaller, the tilt in the field increases 
yielding Re(Ex8) as shown Fig.6.10(a)-(c) for instance. The fine, diffractive, detail of 
the convolution of the pupil image with the lenslet PSF is included in these images. 
Unless otherwise stated, the lenslet is assumed, throughout this analysis, to have a 
focal ratio of f/5. 
(a) (b) (c) 
Figure 6.10- Images of Re(Ex8), (a), On-axis, (b) 6° input at fibre end face, 
(c) 12° input at fibre end face. All with no Spherical term 
With the Fourier like model in mind the mode carrying most power within the fibre is 
the one that best matches 8 in Eq.6.9. The broadening of MPD into an Airy pattern 
occurs because of diffraction, in the sense that the MPD is the modal transform of the 
image of the exit pupil of the telescope- an Airy pattern. 
6.4.2 Non- negligible spherical term - Ideal seeing 
We now turn to the more realistic case, where the spherical image term in Fig 5.1 I Eq. 
(5.3) is not negligible. Fig.6.ll(a) shows the MPD associated with a 6° angle of 
incidence at the fibre, for an l9=0.22, 501Jm diameter core fibre fed with two different 
values of Jl, the focal length of the field lenslet. The increased angular distribution of 
light associated with the projection of S2 onto U(V) causes the MPD to be smeared out 
about the position of the Airy pattern, in the MPD, in the non-spherical case. Fig 
6.11 (b), is an example showing the significant extra width associated with even a 
value of (a!Jl) as a low as 0.05 . 
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Geometrically we can think of the extra angular component as being due to the 
increased angle of incidence of rays associated with the projection of S2 onto U(V) as 
shown in Fig.6.12. 
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Tete 
Lenslet 
Figure 6.12 - The secondary focal ratio degradation model. z is the sample 
size on the sky 
The increased angular range in A due to the curvature of S2 is given by, 
a 8z-
ft 
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(6.10) 
This effect is more commonly known as secondary FRD (focal ratio degradation) and 
the increased range of input angles, greater than the focal ratio of the feeding lenslet, 
needs to be allowed for in deriving the relationship between A111; 11 and M in the lenslet 
fed case. 
6.4.3 The field of view as a function of M 
In this section the relationship between the field of view of the fibre as a function of 
M, the number of modes within the SMA is derived. From the previous section, the 
MPD is directly related to the image of the telescope PSF and so implicit in figures 
6.10 and 6.11 was that the telescope PSF was badly under-sampled - i.e. the entire 
telescope PSF passes through the lenslet and is therefore fully visib le in the MPD. 
Generally the size of the lenslets in the telescope image plane would match, at least, 
the Nyquist sampling criteria of 2 pixels per resolution element. Therefore only some 
fraction, roughly half for critical sampling, of the telescope PSF would couple into the 
fibre. However, the aperture function of the lenslet, in the telescope image plane, 
forms the maximum extent of the telescope PSF coupled into the fibre, regardless of 
how badly it might be aberrated by the atmosphere and so the maximum range of 
angles that couple into the fibre in all atmospheres is given by, 
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1 aimage B max = --+ ---=--
2Ft ft 
(6.11) 
where B < e and a;111age is the radius of the pupil image, independent of the core radius. 
All of the quantities in Eq.6.11 are specified in the region immediately outside the 
fibre end face. e.g. If the lenslet has a refractive index of n1, then F1 = n1Fair For A < 
Amin the input ray angle retained by the SMA is given from Eq.6.5 and Eq.6.6 as, 
(} = (J MA. )!(11lln1) where again B is specified within the feeding lenslet assumed in 
contact with the fibre end face. Equating this and Eq.(6.11) and re-arranging for A-,11;11 , 
the minimum wavelength at which Bmax is supported within the fibre, yields, 
n:an 1 (-]- + _a_im--=ag_e J 
2Ft ft 
Amin = Jii (6.12) 
Fig.6.13(a) is plot of Eq.(6.12), where Ft=7 .25, n1= 1.45 and a=a;mllge and shows that for 
M::::: 200 a wavelength independent field of view exists for A111;11 > 800nm for only the 
smallest fibres core radii, a<25J..Lm and the largest focal length lenslets, ft> 1 OOOJ..Lm. A 
IOOJ..Lm diameter core fibre would require in excess of 250 modes just to access 
<1600nm. However, more realistically, referring again to J and H band applications, 
MA.min=l.ISilill = 87 modes and MA.min=I.49f1m = 52 modes for the case of a=a;nUige=25J..Lm 
and ft= 1 OOOJ..Lm. 
Notice also that the practice of under-sizing the image with respect to the fibre core, 
usually done to reduce losses from diffractive spreading of the pupil image at higher 
wavelengths and to avoid centration losses, decreases A,11;n for the same M, or 
conversely decreases M for the same A-,11; 11 • For instance, there is a 10 mode decrease in 
M if a;111age is reduced to 90 per cent of a with comparison to the a;111llge = a case, when 
F,= 7.25 andft= lmm for the same A,nin· 
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Values of a smaller than 25J..lm are shown for information in Fig.6.13 but are rarely 
found due to the practical difficulties of lenslet alignment. 
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Figure 6.13 (a) The minimum wavelength that guarantees a wavelength 
independent field of view for the case of F1 = 7.25, in rz1=1.45 typically used to 
avoid FRD issues, (I) a= /Ojim, (2) a= 25Jlf1l, (3) a= 50Jlf1l, (dot-dash)-fi = 
1500Jim, (dots only)- fi =1000Jll1l , (dashes only)- fi =500Jlf1l , (solid)- fi 
=250Jim (b) the fraction of the on-sky field of view as a function of wavelength 
f or the case of a=25j.Jm, fi = 1000Jll1l$ and M=200. 
Fig.6.13(b) shows how the fraction of the on-sky field of view of the truncated fibre 
changes with A, for the case of a=25Jlm, .fl=l mm and M=200. Notice that if the 
telescope PSF is well sampled then this reduction in the field of view would, as in the 
Airy feed case, manifest itself as a reduction in transmission with the square of e. 
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6.4.4 Sampling performance of OH suppression fibres 
We have computed the PSF's of 4m and 8m telescopes under various conditions of 
seeing and AO correction, as in section 6.3.3. The a = aimage = 25J..Lm case was 
considered as a sensible minimum a for alignment purposes with F1 = 5 in air andj/ = 
1mm chosen to minimise primary and secondary FRD, respectively. By the 
conservation of etendue then F T = 14 and the size of the lenslet in the telescope image 
plane is 140J..Lm. 
4m Telescope lOcm lrz lOcm 7rz 15cm lrz 15cm 7rz 
vVavelength, mn FWHtvi, ~un FWHM, ~un FVVHivt ~uu FVVHlVI, ~uu 
800 235 176 151 104 
1000 218.5 156 143 92 
1500 194.5 113.5 126 32.3 
2000 179 47.5 115 6.4 
Table 6.1 - FWHM of the 4m telescope PSF in various atmospheres and 
degrees of correction. 
8m Telescope lOcm lrz 10cm 12rz 15cm lrz 15cm 12rz 
vVavelength, mu FVVHM, ~un F\VHtv1, ~un FVVHM, ~Lm F\VH!vl, ~Lm 
800 486 370 318 219 
1000 459 322 299 190 
1500 411 258 267 52.5 
2000 378 98 243 39.2 
Table 6.2 - FWHM of the Bm telescope PSF in various atmospheres and 
degrees of correction. 
From Tables 6.1 and 6.2 we see that the sampling of the example fibre+feed is rather 
better matched to the 8m telescope with near critical sampling of the full width half 
maximum, FWHM, of the PSF in 1 Ocm seeing and 12 radial orders of correction in the 
H band and in the J band for tip-tilt only in ro = 15cm seeing. The fibre is not well 
matched to the 4m telescope with the PSF under-sampled even in poor seeing and only 
tip-tilt corrected. Since by the conservation of etendue, Fr = (1 =2nl)(fi=a), then 
increasing Fr to better match the sampling of the 4m telescope would require a 
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decrease in (a=fi) which by Eq.(6.12) would decrease M due to the decreased 
secondary FRD, Eq.(6.11). 
As noted above, on the 8m telescope taking a = a;mage = 25 J1m and fi = 1000 Jlm, M = 
87 and M =52 modes, respectively, are required to access Ar11;11 = 1:15pm and Aru;11 = 
1:49 Jlm. To increase Fr by a factor of two, say, to match the sampling of the 4m 
telescope, M thence decreases 
to 65 and 39 modes, respectively. This can achieved by leaving the fibre core diameter 
as 50 J1m and fi = IOOOpm and then reducing the radius of the pupil image (by 
increasing F r) to a;ma8e = 12:5 Jlm. 
6.4.5 The effect of de-focusing, demagnification and de-centration of the pupil image on the 
MPD. 
Since an adhesive layer typically exists at the lenslet/fibre boundary it is common 
practice to have the focus of the lenslet somewhere just inside the face of the fibre to 
avoid scattering from defects within the glue. De-centration of the image on the fibre 
core is also sometimes an issue with the alignment of lenslet arrays with many, 
potentially very small fibres, a challenging task. However, as has been shown at 
various points throughout this chapter it is the geometrical ray model that dominates, 
even when relatively few modes are supported within the MMF. Since the angular 
range of modes entering the fibre is not effected by either deliberate de-focussing or 
de-centering or demagnification of the image with respect to the core size then, to first 
order, the results of section 6.4 are not altered by these effects. 
6.5 Summary 
A simple model of an OR-suppressing fibre as proposed by Bland-Hawthorn et al [21 
and demonstrated in the lab by Leon-Saval et al [IJ has been presented in order to 
determine how these devices behave on telescope. This general analysis is necessarily 
presented to an accuracy of <1 0 per cent due to issues surrounding mode counting near 
cut-off and the much smaller uncertainties associated with the coupling calculation. 
When fed with an Airy pattern, the field of view of the fibre is unaffected by the 
number of cores/modes in the SMA array, M, but the transmission of the device 
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becomes wavelength dependent below some minimum wavelength. The atmosphere 
was shown to have a significant effect on the performance with the competing needs 
of reducing M, for manufacturability, whilst increasing the size of the fibre in order to 
couple more light in from the aberrated telescope PSF. Throughput of greater than 
50per cent was found to be possible at >800nm on well corrected (7rz) 4m class 
telescopes for <200 modes at >1500nm for the same fibre on an 8m telescope. More 
realistically, the J and H bands can be accessed at >80 per cent throughput with <200 
and <100 modes, respectively on the well corrected (7rz) 4m class telescope in 15cm 
seeing but this reduces to 50 per cent coupling for the same fibre on the 8m class in the 
same seemg. 
In the pupil-fed case, and assuming that the PSF is well sampled by the feeding 
lenslet, the field of view of the fibre was shown to become wavelength dependent, 
again below some minimum wavelength. In this case, the natural scales associated 
with fibres supporting 80-120 modes were found to match the sampling requirements 
of well corrected (l2rz) 8m telescopes and tip-tilt corrected 4m telescope both in 
r0=15cm seeing in the J and H bands. Whether or not OR-suppressing fibres find use 
in IFS will depend largely on how easy (and therefore cheaply) they can be 
manufactured in bulk. 
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Chapter 7 
Fibre modal noise 
7.1 Introduction 
In this chapter we once again touch on the EM model of light propagation along the 
fibre in order to describe the effects of 'fibre modal noise'. However, due to the, 
generally, very large number of modes involved, in much the same way that the ray 
model replaces the EM model when describing optical propagation along the fibre, so 
in this case the EM model is replaced by a more appropriate statistical model. 
Fibre modal noise is a photometric uncertainty on a resolution element of a 
spectrograph detector. The very small spectral element 8m associated with high 
resolution spectroscopy causes the many modes supported within the fibre feeding the 
spectrograph to interfere with each other coherently at the output end face of the fibre. 
The scattering of energy between modes from inclusions in both core/cladding 
interface and within the core itself cause a speckle pattern that remains static when the 
fibre is at rest but is subject to pseudo-random changes when the fibre is moved. 
Telescope tracking thus results in a photometric error on the resolution element of the 
detector that cannot be calibrated out. 
Modal noise was a well known and characterised problem in fibre optic 
communications in the 1970's but in high spectral resolution astronomical 
spectroscopy the problem was first reported by Baudrand et al [IJ and has since been 
the subject of papers by Baudrand & Walker[2J and Grupp[JJ . 
This chapter contains an explanation of how the coherence of the fibre illumination 
causes modal noise in section 7 .2, the results of a relevant literature search in section 
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7.3 which then motivates the experimental investigation of modal noise usmg a 
purpose built high dispersion spectrograph in sections 7.4 onwards. 
7.2 What is modal noise? 
A distant on axis point source9 and the resulting spatially coherent field is incident at 
the telescope entrance pupil (thence re-imaged onto the fibre end face) as in figure 7 .1. 
Each source can be thought of as an input 'beam' to the fibre exciting a number of 
modes - Chapter 5. 
A 
Figure 7.1 -The fields of two partially (temporally) coherent sources 
superpose in the entrance pupil of the telescope. The HEn and HE52 modes 
travel different distances along the fibre for the same number of temporal 
oscillations of a single frequency component from the total incoming 
wavepacket. Each mode shown in a separate fibre for clarity. 
We know from Chapter 2 that the coupling efficiency of some incident field into the 
fibre end face is governed only by the transverse part of the incident and modal fields 
in the plane P-P', in Fig. 7.2. The incoming wavepacket, from source Bin Fig.7.1 say, 
can be decomposed into its Fourier frequency components along any line of 
9 A source of light large enough to contain many atoms but small enough to be considered as small 
macroscopically. Actually this does not include stellar objects. Stars are enormous and for the rather precise nature 
of this analysis should be considered as populating a small range of input beams at such large distances. Were this 
not the case, then stellar interferometry would not work at all! The usual assumption of a plane wave input due to 
an entire star is, of course, related to the unresolved image of the star by the telescope. 
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propagation such as the arrow in Fig.7.2 or any other line parallel to it. Therefore the 
incoming wavepacket can be considered to be a superposition over a continuum of 
beams of separate angular frequency, ~ Fig.7.2(b), within the Am of the wavepacket. 
The projection of each component beam onto the fibre end face can then be given by 
E( OJ) oc exp( iknxB) exp( -i OJt + ¢J) (7.1) 
where the x-axis is chosen to lie within the plane of P-P' without loss of generality due 
to the circular symmetry of the core, k is the free space wavenumber, n the refractive 
index immediately outside the fibre. ¢J the phase constant of the Fourier component. 
Each beam at angle 8 will excite a range of modes within the fibre, yielding some 
modal power distribution (MPD). The MPD will vary with different values of (knxB) 
but as long as M is small then we can ignore any MPD variation over the small Am. i.e 
all Fourier components populate approximately the same MPD. Since the coupling is 
due only to the transverse spatial portion of Eq. (7.1) with the time term invariant 
across the boundary, thus the phase differences between the components of the 
wavepacket are retained across the boundary, P-P'. 
Figure 7.2 -(a) A single wavepacket incident on the fibre end face. (b) The 
coupling of a single Fourier component from the wavepacket. 
The phases of the frequency components that go to make up a single wavepacket have 
a constant phase relationship with respect to each other but with a random relationship 
with the components in other packets, due to the random times of arrival at some point 
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in space of the wavepackets making up the total wavetrain. The total wavetrain is only 
considered to be coherent for times less than the coherence time of the component 
wavepackets. At any one point in space the wavetrain is made of many wavepackets 
superposing and randomly phased with respect to each other. However, the smaller the 
interval of observation, &, is with respect to Lite, the coherence time of an individual 
wavepacket and of course requiring that & < Lite, the more likely the total disturbance 
will be coherent over & when averaging over many wavepackets. The coherence 
length is the upper limit above which it is impossible for two separate points to be 
correlated. 
Since we are dealing with a very small 11m an excited mode, i, travels at the modal 
group velocity V8; as given by Eq. 2.5 and hence the mean time taken for the 
wavepacket to traverse a fibre of length, L, is t; = L{ .. jYg, 
The total energy of the wavepacket is distributed amongst a range of modes. 
Dispersive effects within each mode must work to increase the length of each 
wavepacket and thence increase the coherence[41 . However modal noise is dominated 
by intennodal effects and thence intramodal dispersion is ignored. Each mode 
considered separately, then, travels different distances along the fibre in the same 
elapsed time. The inset in Fig 7.1 shows how a single monochromatic components 
travels different distances along the fibre, in the same time, due to the different 
propagation constant, p. In simple general terms, modes excited by a single source can 
interfere to some degree if they are separated at the output end face of the fibre by less 
than the coherence time of one of the wavepackets that go up to make the incoming 
wavetrain. i.e. lt;-tA << t1tc. where lj refers to the l mode. If lt;-tJI > t1tc the two modes 
must be excited at all times by different, incoherently, related wavepackets and they 
will sum in intensity for all times and not contribute to the speckle pattern. 
Unlike most fibre applications, such as communications, it is, therefore, the lack of 
intermodal dispersion for some given fibre length, L, that is detrimental to good 
performance. 
7.2.1 Effects of an arbitrary field of view- Peifect fibre. 
If the spectral resolution is the same over the entire input field then the temporal 
coherence of each input beam (A,B, etc .... .in Fig. 7.1) is the same. What happens if 
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energy from two separate (incoherently related) input beams couples into the same 
mode? Coherent behaviour is a statistical phenomenon whereby the number of 
identical wavepackets observed is very large. Hence, N wavepackets per second from 
source A plus M wavepackets per second from source B, both observed at the same 
spectral resolution yields the same coherence properties in a mode as M + N 
wavepackets per second from a single beam. 
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Figure 7.3- Demonstration that the input image changes the speckle image at 
the output of the fibre. (a) Fibre near-field images (Linear intensity scale) 
taken for field tilts in the telescope entrance pupil image placed on the fibre 
input end face due to off axis point sources. Tilt increases from left to right, (b) 
Speckle images taken for lateral offset of pupil image with respect to the fibre 
core. Increasing offset from left to right. Both sets of images taken with no 
movement of the fibre between exposures. Note the large changes in (b) images 
when compared to the relatively small changes in (a) images. 
As the distribution of the input illumination on the fibre end face changes then 
different modes are populated within the fibre and this can alter the speckle pattern at 
the fibre output since the power distribution within the modes of the fibre is then 
altered. Figure 7.3 shows some examples of speckle patterns as the telescope exit pupil 
image is moved about over the input end face of the fibre and with tilt in the field due 
to a perfect point source. The light used to populate the pupil was from a laser. Note 
that the changes in the speckle pattern are far more significant for the pupil offset than 
the field tilt. 
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7.2.2 The effects of non-peifect fibres. 
Any real waveguide will have micro-bends and scattering centres in the core/cladding 
walls and even inclusions in the core itself which affect the speckle pattern in a 
complicated, pseudo-random manner. With no fibre movement, ray directions are 
altered by non-uniformities in the fibre wall and indeed from scattering centres within 
the core itself. These non-uniformities include both microscopic inclusions and the 
molecular granularity of the component materials. See Fig 7.4 for a ray optical model 
interpretation of this phenomenon, where each mode has only a single ray angle 
associated with it and so energy is scattered amongst the modes. The positions of the 
scattering centres are randomly positioned along the fibre and the phase relationships 
amongst the modes (even if excited by only one wavepacket) is different at different z 
due to intermodal dispersion. Hence the light scattered into a mode from many other 
modes does so at many different phase values and a pseudo random phase and 
amplitude variation is introduced to each mode as it travels along the fibre resulting in 
a static speckle pattern on the fibre output. This scrambling of energy amongst the 
modes is known to instrumentalists as focal ratio degradation, (FRD). [5•61 
Figure 7.4 - Ray optical model showing how the propagation of energy within 
the fibre can be affected by perturbations within the fibre. 
As the fibre is moved, the speckle pattern changes due to the stressing/de-stressing of 
micro-bends and differing macro-bend radii. Once the fibre is brought to rest again the 
speckle pattern will be static but whilst moving a varying speckle pattern will be 
observed even for static spatial distribution at the fibre end face. FRD increases as the 
mechanical stress on the fibre increases but even the smallest perturbations of the fibre 
are generally enough to cause the speckle pattern to change without apparently 
affecting the FRD performance. 
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To summarise: For a static fibre, the speckle pattern does change due to a changing 
spatial distribution of the source due to the different modal power distributions excited 
by an arbitrary source distribution. Modes separated by less than the coherence length 
of the transported light can interfere to some degree causing a speckle pattern in the 
fibre near-field. Macro, micro and molecular perturbations along the fibre cause a 
pseudo-random amplitude/phase redistribution amongst the modes to occur that 
remains static when the fibre is held firm but will change for each static position of the 
fibre. 
Finally then, all of the above highlights the fact that if the detector resolution element 
in the spectrograph spans a small enough L1m i.e a high enough spectral resolution, 
then an uncertainty in intensity exists due to the static speckle pattern which will be 
different at different (static) fibre positions along with the random uncertainty in 
intensity associated with the movement of the fibre and the subsequent changing 
speckle pattern on the resolution element. The dynamic uncertainty due to the fibre 
motion is the one most typically associated with spectral noise, of course. 
7.3 How is modal noise described? 
We have already discussed that the end face of the fibre has the appearance of a 
speckle-like pattern and how the speckle pattern is created from the point of view of 
the fibre modes and the source of illumination. However, like previous chapters, the 
EM mode description of modal noise is overly complex for general use and it is 
perhaps not surprising then that, once modal noise had been identified[?,SJ much 
investigative work was based on generalised speckle analysis, with a few examples in 
references [9-lll. 
The work by Goodman & Rawson [IOJ highlighted the drawbacks of this approach and 
replaced the previously assumed negative exponential statistics, i.e. the statistics of the 
signal to noise with respect to fibre properties and illumination, with Beta statistics. 
Negative exponential statistics predict that the limiting modal noise should be 
numerically equal to JM where M is number of populated modes within the fibre. 
However, beta statistics correctly describe the fact that for no loss-dependent 
mechanism such as a misaligned fibre connector or vignetting by the optical system 
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used to place the fibre end face image on the detector and an infinite number of 
populated modes, the SIN should trend to infinity. They also went on to provide a 
simple formula for the expected SIN as a function of the number of modes populated 
within the fibre, 
S!N=p~M+l 
J-p2 
(7.2) 
where, 
p2 =A~! (7.3) 
for Ad, the fraction of the area of the fibre end face imaged onto the detector and A1 the 
area of the fibre end face. pis dimensionless. M >> 1 is assumed. 
Goodman, Rawson and Norton[ 121 state that the [number of modes] = [the number of 
speckles] in the near-field. Therefore, as long as there are many modes and therefore 
many speckles, Eq.(7.3) can be interpreted as rJ selecting out a fraction, AiA1 of the 
modes supported within the fibre. 
Baudrand and Walker found a poor correlation between the negative exponential 
based statistical theory and their experimental results, however, equations (7.2) and 
(7.4) can be used to get a much closer correlation. They usedf/4 andf/2.8 inputs to the 
fibre from a calibration source and noted that they made significant efforts to ensure 
that all light from the fibre end face found its way onto the detector. Taking, initially, 
rJ = 0.995 then, as noted in Chapter 6, an approximation to the number of modes 
travelling within the fibre is given by 
(7.4) 
for V = kae, where k is the free space wavenumber and a the fibre radius although 
Eq.(7.4) is computed using the input focal ratio rather than the numerical aperture of 
the fibre. At 500nm signal to noise levels of 780 and 1100 should be expected for the 
f/4 andf/2.8 cases, respectively. These expected values are far closer to the measured 
SIN 1300 in both cases than the expected values of the negative exponential model of 
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56 and 80, respectively. It is not clear why no difference in SIN was measured for 
different focal ratio inputs. Possibly scattering within the fibre meant thatf/4 andf/2.8 
inputs both led to something like an f/2.8 output via FRD. Further, the output lenslet 
system described in the paper indicates an f/3.5 output. The SIN expected in the f/3.5 
case is 1280. 
However, it should be noted that very large variation m expected SIN occurs for 
relatively small changes in/'. Taking p E [0.99,1.00], Fig 7.5 shows that Eq.'s(7.2) 
and (7 .4) are a much better match for the SIN as a function of wavelength than the 
negative exponential model. However, for even a modest 5% loss, the predictions are 
inaccurate by a factor of 3 - curve (2) in the figure. It would appear that it is possible 
to dial up an answer to some extent. Note further, that Baudrand & Walker[2J did not 
include error bars on their data. 
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Figure 7.5 - Comparison of Baudrand & Walkers experimental data with 
Rawson and Goodman's models. ( 1) The original and incorrect negative 
exponential statistical model, (2) the Beta statistical model, /=0.95, (3) the 
Beta statistical model, /=0.990, (4) Baudrand &Walkers experimental data, 
(5) the Beta statistical model, /=0.997. 
Grupp's work[3J went one step further than that of Baudrand & Walker deriving an 
expression for the noise per signal of 
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(7.5) 
where g is the fraction of the vignetting of the input focal cone into the fibre by the 
spectrograph entrance slit (at the fibre output) 10. Hence, g = rJ and substituting this 
into Eq.(7.5) and rearranging yields, 
SIN=p~ v J-p2 (7.6) 
Equations (7.2) and (7.6) are almost equivalent and hence both Baudrand & Walker 
and Grupp's results can be seen to be closely aligned with the Beta statistical model of 
Goodman & Rawson. 
However, Grupp then achieves a good correlation between experiment and theory with 
a single example with no error bars using a V value in his model inaccurate by a factor 
of two, since he used the fibre diameter instead of the radius in Eq. (2.7). As in the 
case of Baudrand & Walker, then some considerable doubt must be cast on the validity 
of Eq.(7 .6) in this application. 
Rawson, Goodman & Norton[l3J have derived a frequency correlation function (FCF) 
that computes the correlation between the mean field intensity computed over the fibre 
near-field with one mean per fibre position then averaged over many fibre positions at 
one wavelength, with the same spatial/fibre position average at another wavelength. 
The model is derived for a planar waveguide but with approximate applicability to 
circularly symmetric fibres if rJ < 0.5. 
10 Grupp assumes no FRO occurs due to the relatively fast input beams used on the FOCES spectrograph13•141• 
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The following relationship can be derived from the FCF, 
(7.7) 
where, M is the spectral width of the FCF between correlation values of 1.0 (LI.-1=0) 
and 0.1 (M > 0), c is the speed of light in a vacuum, n is the core refractive index and 
L is the length of the fibre. 0 is the numerical aperture of the fibre. On a single 
resolution element of the detector, 
and for LiA = LiAs, 
M =A 
s R 
L0 2 R. =--
crzt 1.5nA 
(7.8) 
(7.9) 
So, according to the model, we can expect speckle effects to be important for R > Rcru 
and reductions in speckle are then associated with increased L, high NA or low A. In 
most general purpose fibres, very short wavelength are typically associated with lower 
throughput and so there will be some trade-off in the throughput-resolution product at 
very low A, dependent on the attenuation spectrum of the fibre. 
In the Baudrand & Walker case, L\As = 4.3xl0-3nm at 650nm (and M = 3.3x10-3nm at 
500nm and L\As = 6.3xl0-3nm at 950nm). Baudrand & Walker found no difference in 
SIN values for 7 .Om and 70m of fibre and using the values from their experiments it is 
possible to compute from Eq.(7.7), 
L\A( L=7.00m)=2.7lxl0-3 nm (7.10) 
L\A( L = 70.0m) = 2. 71xl o-4 nm (7.11) 
Since L\A5 > L\A(L = 7m) then Eq.(7.10) predicts that significant decorrelation in the 
speckle must have occurred and since L\A5 > L\A(L = 70m) also then the failure to 
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detect a difference between 7 .Om and 70m could be due to the fact that both cases are 
somewhat decorrelated. The figures in brackets in Eq.7.11112 are for the observed e= 
0.14 output of the fibre (f/3.5) and even in this case it is possible to interpret the same 
result for 7.0m and 70m on the basis of approximately equal values of the FCF, 
although less clear cut in this case. So the match between Eq. (7.9) and the results of 
Baudrand and Walker, is rather poor and further testing of Eq. (7.9) is required. 
Certainly from a practical point of view, the issue of fibre length is very significant. 
In 1984 Thomas H. Woodl141 published a short work that calls into question the 
validity of the statistics of the Goodman & Rawson[ Ill model for arbitrary illumination 
of the fibre as would occur during an on sky measurement, such as some point source, 
for instance. He found highly varying values of SIN ratio for various Gaussian beam 
inputs from a semiconductor laser. The variation was found to be due to the sparsely 
populated MPD whereas a central assumption in the work of Goodman & Rawson is 
that an infinite number of populated modes exists. 
The MPD was found to be heavily biased towards a few lower order modes and the 
mode selective mechanism (in this case a fibre-to-fibre transverse offset) preferentially 
selected out higher order modes, as does a spectrograph entrance slit. The signal to 
noise was found in some cases to be twice that of the uniform MPD case. Saijonmaa & 
Halmel151 and Papen & Murphy[l 6l found similar results for restricted launch 
conditions at the fibre end face. Indeed the results of Chapter 5 indicate how wildly the 
MPD changes with even small changes in illumination. 
The data recorded by Baudrand & Walker and Grupp were from calibration sources 
which in all likelihood populated nearly all available modes within the fibre. Indeed a 
Lambertian source, such as a calibration lamp in the case of Baudrand & Walker is 
known [171 to populate all modes within a fibre. The Lunar spectra of Grupp would 
certainly have filled the input aperture to the fibre and so populate close to all of the 
very large number of available modes within this aperture. However, Fuhrmann et al 
[ISJ note that the SIN was limited to 200 on various stellar observations. Wood's work 
shows clearly that the SIN noise will change with the MPD and so either the 
magnitude of the changes in SIN associated with the fibre MPD excited by a stellar 
source are small enough that the final SIN ratio, at the FOCES spectral resolution(s), is 
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unaffected or that the poor seeing of the observations may have had a significant 
effect. 
In light of all of the above, it would seem that a systematic, experimental, 
investigation of the properties of modal noise with fibre/spectrometer parameters is 
required. The work completed to this end is described in the next section. 
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7.4 Experimental investigation of modal noise - Experimental setup 
In order to demonstrate and investigate further the effects of modal nmse a high 
dispersion spectrometer was built. The spectrometer design is discussed in the next 
section, with modal noise results presented and discussed from section 7.5 onwards. 
7.4.1 Spectrometer design 
Figure 7.6 shows the basic spectrometer configuration referenced throughput the rest 
of the chapter. The pictures show the apparatus under construction, prior to the 
blackout covers being put on. The test grating was used with the same included angle, 
'P, (but different a) so that the optics could be set-up prior to the delivery of the 
echelle. 
fi 
Fabry lens+ Slit 
holder assembly 
Grating N<mn~l 
Collimator 
Test Grating 
Camera lens 
CCD 
Figure 7.6- The basic spectrometer configuration. See figure 7.8 for slit, t:4 geometry. The detector 
was a Q-Imaging Retiga EX. 
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The resolving power, R, of the spectrometer shown in the figure may be given as 
R = 2!1 sino cos(8) 
wcos(o + 8) 
152 
(7.12) 
where o is the blaze angle of the grating. Hence in order to increaseR, the ratio f 1/w 
must be maximised. The maximum grating efficiency occurs when the diffracted beam 
exits the grating at the blaze peak. The net effect of blazing a grating is for this peak to 
occur in the direction of the specular reflection ( 8 = 8 ') off the facet face - See the 
inset in figure 7 .6. Increasing 8 also increases R via the cosine terms as shown in Fig 
7. 7, however, it also increases the size of the grating, W, since a = o + 8 and thence by 
simple projection of d1 onto the surface of the grating surface with increasing a. This 
increases the grating cost and the size of the camera lens required to accommodate the 
larger d2• The final choice, due to these effects, and the limitations on f 1 noted below, 
led to a choice of 8= 9° and thence 'P= 18°. 
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Figure 7.7 -The fractional cosine term in Eq.7.14. All angles in degrees. 
The fibre output is collimated by the aspherical lens and the slit placed in the far field. 
This is done in order that various slit widths, w can be slotted in for a desired spectral 
resolving power and is shown schematically in Fig 7.8 
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Figure 7.8- The fibre, lenslet, slit geometry 
The relationship between the relevant variables in Fig 7.8 is 
Fout Ffibre 
d far d fibre 
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flout 
(7.13) 
where dfar is the fibre far-field ouput. The slit, w, was placed in the far-field as shown 
in Fig. 7.8. In order to increasef1 but retain a reasonably sized collimator beam size, d1 
and thence Wand d 2, dfibre must be minimised. 
12 • Measured 
- Ideal 
0 
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fl#in 
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Figure 7.9 The FRD plot of the 50pmfibre 
The FRD of a 50~m diameter fibre (Thorlabs AFS80/125Y) was measured using the 
apparatus described in section 2.4.2, by simply replacing the single-mode fibre with 
the multi-mode fibre. Some considerable care was taken to ensure good end face 
quality and to minimise mechanical stress in the fibre mounts. The FRD was found to 
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be limited to f/5.5. There are examples of fibres with a slower FRD output but this 
fibre gave a good practical match between the size of the far-field image, dfar and 
commonly available slit widths and Fabry lenses (focal length, 4mm used) that yielded 
an Fout = 80. This was slow enough to allow a large !I but with small d1, and with an 
R2.9 grating, d2 small enough for (relatively) cheap stock optics to be used. The final 
specifications are included in table 7.1 
Grating 
Newport (Richardson) Part No. 
R2.9 (o= 71.0 
de g) 
If/= 18 deg 
j/#in ft,m dt,m 
80.000 1.050 0.013 
Slit Spectral 
width resolution 
100~m 105.0 
200~m 52.5 
500~m 21.0 
No Slit 7.9 
53-025 -453E 
W,m d2,m 
0.075 0.035 
k 
k 
k 
k 
Table 7.1- The spectrometer specification 
ft,m 
0.750 
In order to measure the dispersion the fibre was removed and the 100~m slit 
illuminated with a Sodium discharge lamp. The spectrum of the Sodium D line 
recorded is shown in Fig 7.1 0. The FWHM of the slit image, recorded using a 633nm 
laser, is 4.45 pixels across 11 • The separation of the line centroids in Fig 7.10 is 474 
pixels yielding a dispersion of (589.592nm-588.995nm) I 474.000 = 1.259 X 10-3 
nm/pixel. The spectral resolution at the Sodium doublet wavelength with the 1 OO~m 
slit, is therefore, 589.592nm/(1.259 X 10-3nm/pixel X 4.450 pixels) :::::: 105K, well 
matched to the exact figure in Table 7 .1. 
11 Measured using a high quality 633nm laser and analysed using GAUSSFIT in IDL. 
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Figure 7.10- The spectrum of the Sodium discharge lamp 
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Three narrowband filters, 579.8 ± 0.8nm, 633nm ± 0.5nm and 905nm ± 5nm were 
used to provide the test wavelengths. Originally, an Oriel monochrometer (74000) was 
used to illuminate the system, however, heating of the internal optics occurred due to 
the high power illumination required (> lOOW). Drifts in wavelength of the order of 
0.5nm or so between measurements were observed and over long integration times this 
effect would mask other sources of noise, such as the modal noise the apparatus was 
constructed to investigate. 
The grating order at the three test wavelengths of 579.8nm, 633nm and 905nm is 102, 
94 and 65, respectively. Noting the bandwidth of each filter, then, cross dispersion is 
avoided since free spectral ranges (Aim) are 5.7nm, 6.8nm and 13.9nm respectively. 
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7.5 Experimental investigation of modal noise- Multimodefibre 
7.5.1 Introduction 
In this section the series of experiments undertaken to quantify modal noise effects 
when feeding the high dispersion spectrograph described in the previous section are 
presented. Eq (7.6) was derived assuming perfectly coherent light and tests using laser 
illumination of the spectrograph are detailed in section 7.5.3. The range of 
experiments conducted using the rather more interesting partially coherent light are 
then described in sections 7.5.4 onward. Due to the apparent confusion in the literature 
in this area, I have explicitly explained my analysis in detail in section 7.5.2. The 
results are discussed in section 7.6 with suggestions for further work are found in 
Chapter 8. 
7.5.2 Details of the analysis 
Each recorded frame consists of a single order, illuminated by the laser line filter, in 
the spectral direction with the spectrum height determined by the illuminated length of 
the slit. The spatial extent thus depends on the input focal ratio to the fibre and the 
amount of FRD within the fibre. 
I 
(a) 
(b) 
- -- -------- -- -- -- -- -- - -
- - -
Figure 7.11 - (a) An un-agitated spectrum, (b) Agitated spectrum. Both taken 
within a few seconds of each other. A very slow input focal ratio, with 
attendant very low S/NM, is shown since the modal noise along the slit in the 
un-agitated case can actually be seen by eye, even with partially coherent 
illumination. The beating along the spectrum is due to the laser filter. 
Each image was flat-fielded by dividing by an agitated image recorded with four times 
the integration time. The agitation has the effect of removing modal noise and is 
described in detail in section, 7 .5.4.1. As we shall see in the next section the agitated 
results agree extremely well with the photon limit. Further, this technique removes any 
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variation in modal noise due to effects such as thermal changes in the environment 
during the extended flat-field exposures by comparison to the shorter test exposures. 
Since a static fibre technique was used by Baudrand & Walker, I also ran some quick 
checks of agitated flat-fielded images against images that were flat-fielded using a 
static fibre in a different position to the test image and found no difference, within 
experimental uncertainty. The flat-fielded test image was then summed in the slit 
direction to yield a !-dimensional spectrum. e.g. Fig 7.1 0. 
As is common in astronomical analysis, the measured SIN value is taken as SINM 
= x/ , the mean photo-electron count divided by the standard deviation taken over fax 
the q pixels of the spectrum length. In this work, this is typically the full 1280 pixels 
of the CCD width. 
The photon nmse per pixel is given by S/Np = 1-J N + B x f;q. B is the total 
background photo-electron count and N the total, background subtracted, spectrum 
count over the q pixels. In all cases, the integration was allowed to continue until the 
readout and dark count noise contributions were negligible. The total photon noise 
1-JN+B is expressed as sum over all the pixels in the spectrum and so the factor of f..;q 
is included to yield the per pixel value. 
The predictions of Eq.(7.6) are taken over the entire fibre output. Since the output, a 
single resolution element, is then re-imaged onto the detector and sampled by p pixels 
in the lD spectrum then the SIN prediction must be multiplied by ~.JY; = fJ7;. i.e. 
the per pixel value is smaller than the value associated with the entire resolution 
element. This is in contradiction to Grupp's approach[31 • He multiplied his results by 
JP. Since we disagree on this point, I have checked the relationship experimentally 
with the results described in section 7.5.3. 
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7.5.3 Coherent illumination 
The fibre, 45m in length, was illuminated by a 633nm HeNe laser whose beam was 
expanded and collimated and then fed into the fibre via an f/1.4 lens, thereby filling 
the numerical aperture. Tests using a lOOf.lm, 200f.lm and 500f.lm slit and no slit 
(1.33mm) were performed and the signal to noise measured over 50 images, each with 
significant fibre movement between them. Each SIN value was checked over 25, 40 
and 50 of the images to ensure that a stable result had been achieved. Figure 7.12 
shows that in the coherent regime the correlation between the predictions of Eq (7 .6) 
and the experimental data are excellent. With reference to the last section, in each of 
the four cases, the per pixel value was a factor of .[Y; smaller than the value over the 
entire image. 
1000 -
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0.8 
Figure 7.12 - Measured and predicted limiting SIN values under coherent 
illumination 
The no-slit data point is plotted at/= 0.999. (A perfect match for the predicted curve 
is found if the point is plotted at / = 0.9). The optics of the spectrograph were 
significantly oversized with respect to both d1 and d2 (Fig. 7.6) and so any loss 
mechanism such as scattering from dusty optics would affect all four data points. 
However, Eq (7.6) is singular at / = 1 and indeed, Goodman & Rawson seemed 
satisfied that a value of S/NM = 370 was a good approximation to infinity. The 
measured value in the above graph was 110 although the horizontal (1SD) error bar 
does allow for a rather better alignment of experiment and theory. Vertical error bars 
are smaller than the symbol size. The horizontal error bars are due to the difficulty in 
measuring At due to problems estimating image extents with no slit present (Fig 7 .8). 
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Gratings are known to react differently to each incoming linear polarisation state and 
possibly then might play some part in the propagation of modal noise. The fibre used 
is not polarisation preserving12 and hence both linear polarisation states were partially 
populated at the fibre output. Since good agreement was found between theory and 
experiment then any polarising affects due to the grating do not seem to affect the 
modal noise and the spectrometer can be considered as a simple light collecting device 
in this respect. 
7.5.4 Partially coherent illumination 
In real astronomical measurements, at very high dispersions, the light entering the 
spectrograph is partially coherent and this will effect the SIN results. In order to test 
this, the laser was removed and the fibre illuminated using a scheme similar to Fig 
5.15 but with a 150mm collimating lens and a 12mm maximum diameter iris. The 
laser line filters were placed in the collimated beam ensuring that they were operating 
at their centre wavelength. Different iris settings thus allow different input focal ratios 
to the fibre to be set. 
7.5.4.1 Agitation 
Baudrand & Walker note that agitation of the fibre removed the modal noise. This 
technique was actually first noted by Daino et al in 1980181 • In my work, various 
agitation schemes were tried but the most successful was found to be a piezo vibrating 
toothbrush with its head removed. Figure 7.13(a). 
It is important to note that in configuration (b) of Fig 7.13 the agitator yielded poor 
results with significant differences between agitated and photon limited cases. This is 
attributed to the fact that model noise is dominated by fibre displacement, with respect 
to thermal changes for instance. Sufficient agitation therefore implies sufficient 
movement of the fibre. In the configuration shown in panel (c) the movement of the 
fibre was large enough to yield measurements such as the (typical) green traces in Fig 
7.14. 
12 This was checked by monitoring the output at the slit when a polariser was rotated with respect to the 
slit. No preferential directions were found even with the laser illumination. 
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Fibre - secured here 
I 
Agitatot I 
Fibre- free to oscillate 
(b) 
Fibre - secured here 
I I Agirntoc I I 
(d) 
Figure 7.13- (a) The toothbrush agitator, (b), (c) toothbrush configurations 
tested, (d) The slow moving agitator 
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In all cases tested, in configuration (c), the agitated spectrum, was found to be in good 
agreement (within 5%) of the photon limited case. The photon case was computed 
from the measured photon count. This justifies the use of the agitated images for flat-
fielding purposes, but for experimental rigour an extra 5% uncertainty is included in 
quadrature in all limiting SIN measurements to allow for this. - However, as we shall 
see in the coming sections, in practice, this is a very small contribution in comparison 
to the natural variation in the fibre modal noise itself. 
It should also be noted that the amplitude of the fibre movement on the unsecured side 
of the agitator varied between a few millimetres to as much as 1 O-l5mm with no 
apparent systematic change in the agitated SIN measurements. 
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To highlight further the importance of the amplitude of the fibre movement rather than 
the frequency of agitation, the slow moving agitator in figure 7 .13( d) was constructed. 
The frequency of the slow agitator was about 0.25Hz or so, compared to >>1OHz of 
the toothbrush. Experimentally identical results were achieved with the period of 
rotation of the arm of the same order as the integration time but with a very large 
amplitude of movement . 
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Figure 7.14 - Typical comparisons of un-agitated and agitated (configuration 
(c)) measurements and the measured photon limit. (a) 200f./111 slit, F=4 feed 
into fibre, (b) 200pm slit, F=2 feed into fibre. SIN per pixel shown in both 
cases. 
So to conclude, fibre agitation yields SIN measurements that closely approximate the 
photon limit. Further, successful agitation depends primarily on the amplitude rather 
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than the frequency of the movement with the caveat that enough movement of the 
fibre occurs within the integration time. 
7.5.4.2 Slit width, and input focal ratio 
In this section the results of varying the slit width and input focal ratio to the fibre are 
shown. The four input focal ratios were a filled numerical aperture >f/2, f/6, f/9 and 
f/16 and the slit widths yielding the rJ values shown in figure 7.15. 
The limiting value was found by increasing Llt until stable (within experimental 
uncertainty) un-agitated measurements were found . Three data point at each of three 
Llt were used for 9 data points per limiting SIN value. 
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Figure 7. 15 - The measured limiting signal to noise and associated value 
predicted by Eq 's. (7.2), (7.4) and (2 .7). Fibre fed withfocal ratio (a)f/2 , (b) 
f/6, (c) f/9, (d) f/16. All at 633nm +1-lnm. See text for further details. 
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Since the spectrometer has been characterised as a simple light collecting device with 
respect to modal noise (section 7.5.3) and since the illumination is the only change in 
the apparatus from the coherent light experiment, then it is immediately obvious that 
the partially coherent nature of the light is having a significant effect with greatly 
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increased measured, limiting signal to noise values of the coherent case. From Fig 
7 .15, the typical difference is two orders of magnitude. 
To investigate further the input focal ratio was changed for the same slit width with 
the resulting curve in Figure 7 .16. The plot shows only the limiting SIN values in the 
un-agitated case - i.e. The value at which the SIN trended regardless of how many 
more photons were collected. e.g. As more and more photons were collected in the 
f/17 case the SIN was measured as trending to -100. However total collected photons 
yieled the expected standard deviation of JN for N collected photons. The f/17 
experiment was continued until the photon limited SIN was >500, for example. 
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Figure 7.16- The limiting SIN as a function offocal ratio input with a 200J.im 
slit. At 633nm +l-0.5nm. 
Figure 7.16 shows that at least some correspondence between the coherent theory and 
the partially coherent experimental results remains. This might expected on the basis 
that some correspondence principle must exist between the two regimes. 
A simple first attempt to determine whether or not these data are due to a partially 
coherent regime might be to multiply the coherent prediction by some constant and the 
green curves in figures 7.15 and 7.16 are just that and seem to indicate that this is the 
case. Note however, that despite the good fit at/= 0.15 (200J.Lm slit) other values of 
multiplying factor are required for other values of/. Further, the fit to the data when 
the numerical aperture of the fibre is filled is poor with the same constant of 90 even at 
tl = 0.15. 
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Finally, the functional dependence out to an f/16 feed into the fibre indicates that 
Wood's concerns[ 141 are not applicable here since most fibres in astronomical 
instrumentation are fed at f/5 or faster to avoid FRD. Possibly, some variation in SIN 
might be measured if a very bright single point source illuminated the fibre within the 
focal cone of the feeding lenset, but since this would work to increase the SM 141 it is 
of little concern, with the practically relevant result over the entire focal cone of the 
lenslet. 
7.5.4.3 Wavelength 
The .f716, 200J..Lm slit case was also recorded using a 905nm and 579.8nm laser filter 
with the result shown in Fig 7.17. I suspect that the mercury line filter (579.8nm) was 
highly attenuating only over a small band about the centre wavelength, therefore 
allowing light from other wavelengths far away from the centre wavelength to reach 
the detector. However, the fit of the factored (coherent) prediction to both 633nm and 
905nm is actually rather good. This would indicate that the centre wavelength of the 
partially coherent light has a similar effect to the coherent case. Changing the 
wavelength is tantamount to selecting the number of modes supported within the fibre, 
as indeed is changing the input focal ratio. 
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Figure 7.17- The limiting SIN for three separate test wavelengths using the 
200j.Jm slit and f/16 feed into the fibre. 
Therefore since a good correlation between measured and (factored) predicted values 
is found for the non NA filled case in Fig 7.16 then a good correlation in Fig 7.17 is 
entirely consistent. 
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7.5.4.4 Fibre length 
Since modal noise is due to the lack of intermodal dispersion then fibre length must 
play an important role. To within experimental uncertainty no change in the limiting 
signal to noise values was observed over the 1m to 45m range tested, even when the 
numerical aperture was filled. 
It should also be noted that Eq.(7.9) predicts that Rcrit in the 45m, filled numerical 
aperture case is 1.6x106 • Since the resolving power with the 200Jlm slit is 52.5K and 
yet we clearly observe modal noise, then as in the Baudrand & Walker's case, Eq.7.10 
is also poorly aligned with my data. 
7.6 Experimental investigation of modal noise- Single-mode PCF 
Previous authors, including myself in the previous section, have demonstrated that the 
significant agitation of the fibre will remove the limiting signal to noise associated 
with the fibre modes, with the agitated value approaching the photon limit. However, 
other spectroscopic errors occur due to poor image scrambling, whereby spatial 
information at the input to the fibre is retained at the output. This, in turn, effects the 
distribution of light within the illuminated part of the slit and thence causes an extra 
uncertainty in the spectrum. Hunter & Walker, have suggested and indeed used a 
double scrambler arrangement of lenses 1191, whereby the near and far-field of two 
aligned fibres are swapped over. However, these devices are extremely lossy with 
typical throughputs of <20%. 
As shown in Chapter 5, a small array of single-mode fibres can be used to collect light 
at 30-40% efficiency in the diffraction limit, with <82% into a single fibre. Single-
mode fibres require neither expensive, and cumbersome, fibre agitators nor double 
scramblers. However, the polarisation doublet of the LMA fibre fundamental mode 
does have very slight differences in its two linearly polarised fields which are due to 
the six-fold symmetry of the holey structure and so possibly this might cause some 
modal noise. 
The spectrometer described in this chapter was fed with an LMA-20 fibre and 905nm 
partially coherent light. 905nm was used instead of 633nm in order that the fibre was 
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operated well within the region of its attenuation spectrum unaffected by bend losses 
of any magnitude associated with bend radii which would likely snap the fibre. The 
minimum bend radius was at least 30cm. The analysis was careful to integrate out to 
the 95% points along the slit in order that any variation in the extents of the field were 
included in the signal to noise measurement. The resulting SIN measurements are 
shown in Fig 7.19. 
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Figure 7.19 -The single mode LMA fibre feed signal to noise measurements. 
The results are clearly photon limited and therefore to within the experimental 
uncertainty of a few per cent, from the diagram, the doublet does not affect the SIN 
performance of the single-mode PCF feed. 
7.7 Summary 
The coherent model of Rawson and Goodman has been shown to be inappropriate 
when applied to the partially coherent regime, despite the claims of previous 
researchers. In broad terms the measured values behave in a functionally similar 
manner when the numerical aperture is under-filled. Significant departures are 
observed when the numerical aperture of the fibre is fully populated, however. 
Further, the measured values also include a dependence on the slit width, highlighted 
by the need to multiply the coherent model predictions by a different constant at each 
value of {l. No dependence on length was detected in the range lm to 45m. 
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As far as building high dispersion spectrometers with multimode fibres is concerned, 
such as the forthcoming WFMOS[201 project, no current theory exists that can 
adequately predict the performance. This is commented upon further in Chapter 8. 
The single-mode PCF feed into the spectrometer was shown to be photon limited to 
within experimental uncertainty. This linked with the array scheme in Chapter 5 may 
provide an efficient way to feed very high dispersion spectrographs without the need 
for fibre agitation or lossy double scramblers and with a similar field of view. 
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Chapter 8 
Closing comments 
8.1 Introduction 
This final chapter concerns itself with positioning this thesis within the current 
understanding of instrument science as it applies to astronomy. A brief overview of the 
thesis is given in Section 8.2 and its original contribution is explicitly listed in Section 
8.3. Proposals of further work are described in Section 8.4 and a final word from the 
author is found in Section 8.5. 
8.2 Thesis synopsis 
This thesis has dealt with a range of issues surrounding the use of traditional and new 
fibre technologies in astronomy. 
For instance, the beginnings of an investigation into how starlight can be coupled into 
single-mode PCF's for use in modern and possibly future photonic instrumentation 
was undertaken. Amongst other things, Chapters 4 and 5 have demonstrated the 
advantages of using large mode area photonic crystal fibres in single-mode fibre 
applications such as interferometry. Their use is proposed, for the first time, in high 
dispersion spectroscopy, with possibly reduced losses by coupling into single-mode 
fibres in comparison to multimode schemes that include double scramblers (see 
Chapter 7) but with an array of SM fibres providing a similar field-of-view to the 
multimode case. 
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Also, inherently multi-moded fibre issues such as OH suppressing fibres and modal 
noise in high dispersion spectrographs are dealt with. In Chapter 6 the performance of 
atmospheric line suppressing fibre systems was analysed on a model telescope and 
shown to be effective for use over narrow-bands. Chapter 7 investigated fibre modal 
noise in high dispersion spectroscopy, showing that the theories of coherent light as 
applied to communications are not applicable to the partially coherent regime of 
astronomy. This, leaving no current theory that can be used to predict the performance 
of a high R spectrograph. 
As well as these, very specific pieces of work, an underlying theme of this thesis is 
that exploration of the electro-magnetic field properties of both traditional and 
photonic crystal fibres allows new possibilities for significant instrumental advances in 
fibre fed astronomical instrumentation. Interestingly, in both of the 'multi-mode' 
Chapters, 6 and 7, the single-mode (EM model dominated) regime still took on some 
importance. The OH suppression devices rely on the single-moded nature of the 
central array in order that the fibre Bragg gratings work efficiently and in the high 
dispersion spectroscopy case, modal noise was removed by using a single-moded 
photonic crystal fibre. (Although admittedly a step index single-mode fibre would 
have done). 
8.3 Contribution 
The original contributions of this thesis are as follows:-
I) A single LMA fibre can replace multiple step index fibres in current fibre 
interferometers fed directly with the telescope PSF with the same overall 
efficiency and slower feed optics. A deliberately defocused scheme was also 
proposed that could be used to increase overall coupling efficiency. 
2) The use of LMA PCF allows the fibre to be fed with a field lens allowing 
coupling of the entire VIS-NIR into a single fibre. Further, this technique can 
be used to considerably simplify fibre stellar interferometry since only a single 
fibre + single feed + single recombiner is required. 
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3) The lenslet feed also allows contiguous single-mode sampling of the field 
therefore opening up the possibility of polarisation preserving integral field 
devices and the use of single-mode arrays to feed multiple photonic 
instruments or a single cata-dioptric high resolution spectrograph. In the 
diffraction limit the overall array coupling efficiency was shown to be -35% 
but the performance in natural seeing is yet to be determined. The overall 
'coupling' of multimode fibre feeds to high resolution spectrographs, via 
double scramblers, can be as low as <20%. Therefore the easier alignment of 
pupil images to the large core sizes of LMA single mode fibres may mean that 
efficiencies of this order might be achieved in the single-mode regime which is 
characterised by 100% intrinsic image scrambling and no need for an 
expensive fibre agitator. 
4) The number of modes required in OH suppression single-mode fibre arrays to 
be useful in astronomy was determined for 4m and VLT class facilities. It was 
found that these fibres are likely to remain limited to > 1 OOOnm use for the near 
term due to current limits on manufacturability. A lower theoretical 
(diffraction) limit on the V parameter of approximately 13 was determined for 
lossless fibre astronomy. 
5) A major paper search showed that the Grupps model can in fact be derived 
from the same basic model by Rawson & Goodman. The frequency correlation 
function of Rawson et al was shown to compare poorly with known 
experimental results and should not be trusted as a design tool. Experimental 
investigation of modal noise on a purpose built spectrometer has shown that 
the models of coherent light used in communications theory are not applicable 
to astronomical measurements which are, even at very high dispersion, found 
to be in the partially coherent regime. 
8.4 Proposals of further work 
The scientific process of answering questions inevitably raises more questions and this 
thesis is no exception. The following is a brief list of both the (inevitable) issues that 
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remain unresolved in the work completed to date and where the author feels that more 
research would yield valuable results for instrument science in astronomy. 
Chapters 4 and 6 on LMA fibres in interferometry and OH suppression fibres are 
essentially complete modelling exercises so there is little further work to do as long as 
one is happy with the underlying assumptions of each model. Both lend themselves to 
experimental falsification, of course. The coupling into the interferometer can be 
tested with a small aperture telescope in any atmosphere simply by selecting the 
aperture with respect to the local seeing. However, higher absolute throughput would 
decrease the noise in any measurements and therefore observations at some site of low 
seeing would be desired. 
The excellent work on building MMF-SMF-MMF devices at the Birks/Knight group 
at the University of Bath, alongside Bland-Hawthorn at the AAO will ensure that 
practical demonstrations of OH suppressing devices on telescope are only a matter of 
time away. 
There is much work yet to be done in the uses of LMA fibres in spectroscopy. 
Modelling the coupling into arrays of these fibres in natural seeing is required in order 
to determine if the lower coupling efficiency into arrays, compared to single SM 
fibres, in the diffraction limit is a general result. Investigation, experimentally, of what 
coupling efficiencies can be achieved using the new lenslet fed scheme is of 
paramount importance. This would include, for instance, solving the practical 
difficulties associated with gluing a lenslet to a holey structure. Interfacing LMA 
fibres with photonic instrumentation will also be a key area requiring investigation. 
The throughput, measured on a highly corrected 4m class telescope would indicate 
whether or not LMA fibres would be able to efficiently replace a multi-mode fibre 
with a double scrambler and fibre agitator. The same experiments performed on VLT 
class facilities would yield useful information on whether or not efficient coupling, 
again in the highly AO corrected regime, might be possible on ELT class telescopes. A 
word to the AO community. The coupling into optical fibres is computed on a EM 
(rather than squared field) basis and therefore ELT analyses, to come along in the next 
few years, should allow for this. Experimental determination of the usefulness of the 
deliberate defocus scheme would also be welcome. 
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Bringing together the ideas of Chapters 5 and 6, perhaps a few-mode MMF, thence 
split into an SMA and from there feeding a few cheap photonic spectrometers, in a 
similar manner to Fig 1.4(b), with OH suppression encoded on each fibre might be the 
way forward. Horton & Bland-Hawthorn's work on coupling starlight into few-mode 
fibres would be of particular significance here[ 11 . 
A piece of work not presented in this thesis due to its incomplete nature is that if the 
PSF and geometrical image beat with each other to cause dark rings in the field of 
view then might there be solutions of this problem that super-resolve two overlapping 
PSF's? Preliminary exercises indicate that very small gains, possibly approaching the 
Sparrow limit might be made - The author remains hopeful of finding something 
interesting in this area! 
A theoretical treatment of the relationship between modal noise, the spectrometer and 
fibre properties is required but is likely to be highly complex. However, falsification 
of the theory would naturally be required and so possibly, with the forthcoming 
WFMOS and PVRS projects in mind, the most expedient determination of at what 
dispersions and fibre properties modal noise disappears would be experimental. Both 
the theoretical and experimental tasks are currently in hand and will be published at a 
later date. 
8.5 Final words 
In this thesis I have tried to give a flavour of the possibilities of the exploration of the 
parameter space of optical fibres when viewed at a more fundamental level than the 
ray optical model whilst, also, addressing some key issues in the application of 
modern fibre technology to astronomy. As noted, the underlying theme is that both the 
EM and ray optical models have their place and should both be in the intellectual 
toolbox of any instrument scientist concerned with applying optical fibres to 
astronomy in the modern era. Certainly in the regime of single-moded or few-moded 
fibres, which are likely to play a central role in the application of photonic devices to 
astronomy, the ray optical model is inappropriate, to some degree. The importance of 
the ray optical model is certainly not diminished, of course, as the results of the 
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Chapter 6 show, however it is my opinion that from this point onward it not enough on 
its own. With this in mind and the original contributions noted in the previous section, 
I submit this work to the Centre for Advanced Instrumentation at Durham University, 
as my proposed doctoral thesis. 
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